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Summary of High Frequency Losses in Induction Motors

Section 1
Summary
High Frequency Losses in Induction Motors
1.1. Introduction
The concept of operating a converter fed induction machine at significantly -
higher fundamental frequency than the conventional 50-60 hz range raises fundamental
questions concerning machine losses. The losses of concern are the "high frequency
losses" which are of two types:
a) those resulting from space harmonics in the machine causing what are usually
called stray losses, and
b) those caused by time harmonics in the converter excitation applied to the machine
resulting in tirhe harmonic losses.
The stray losses must be carefully considered since they result from space harmonic effects
which occur at multiples of the fundamental frequency. Thus, as the fundamental frequency
is increased these losses increase and, in general, they increase much more rapidly than the
power output which varies linearly with fundamental frequency. The time harmonic losses
clearly are an important additional loss and a fundamental issue here is how does increasing
the time harmonic frequency affect these losses.

The body of the report is divided into two major parts which consider these two loss
types in detail. Expressions for the important loss components are presented and discussed
to allow evaluation of their relative importance in high frequency induction machines. The
major findings and conclusions are presented in general terms in this introductory section of

the report.

1.2. Stray losses

The stray losses are high frequency losses in the machine caused by space
harmonics in the air gap flux wave. The primary causes of these space harmonics are the
stator and rotor slot permeance variations and the mmf step harmonics. These losses are
related to the fundamental motor frequency and can be expected to increase in importance as

the motor fundamental frequency is increased.
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Although thirteen separate loss components are identified in the report, three of these
components appear to be of particular importance in high frequency machines. In each of
these the loss tends to be relatively large and to increase rapidly with motor fundamental
frequency. Hence careful consideration must be given to motor design details which will
help keep these loss components under control. The three components are discussed
individually and design modifications which can assist in reducing these losses are
described below. Methods for estimating most of the thirteen stray loss components and
additional discussion of their causes and possible means of reduction are contained in

Section 2 of this report.

1.2.1. No Load Surface Loss - The stator slot openings cause ripples in the main air gap
flux wave which are stationary in space. As the rotor core moves past these ripples, eddy
current (and hysteresis) losses are produced in the rotor iron. Because the frequency of the
flux variation is relatively. high (equal to stator slots per pole pair times fundamcnta}
frequency) the loss tends to be dominated by eddy current losses and is somewhat confined
to the surface of the rotor core. A similar effect can be caused by the rotor slots resulting in
stator surface losses but this component is often very small since the rotor slots are usually
closed or semi-closed.

The methods of predicting surface losses are semi-empirical. The indications are
that these losses increase less rapidly than the square of the fundamental frequency because
of the existence of a hysteretic component and because the reaction field of the eddy currents
tends to suppress the flux ripples. The increase is, however, usually more than linear with
respect to frequency and the surface losses can be expected to be significantly more

important in high frequency machines.
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Methods for reducing the surface losses include reducing the stator slot opening,
using more stator slots, enlarging the air gap and using low loss, thin laminations in the

rotor core. Stator slot magnetic wedges have also been shown to be very effective.

1.2.2 Load Surface Losses - The air gap harmonic leakage fluxes resulting from the load
current in combination with the mmf step harmonics and slot permeance variations also
cause surface core losses. These losses are similar to the no load surface losses except that
they occur in both the rotor and stator core surfaces and they are load dependent. The
methods of predicting these losses are very similar to the no load surface loss methods but
incorporate the ratio of load current to no load current. The frequency variation is therefore
predicted to be the same as the no load surface losses. Methods for reducing‘ these losses
are similar to those for the no load losses except that magnetic slot wedges are less effective

since the larger slot current tends to saturate the wedges and reduce their effectiveness.

1.2.3 Tooth Flux Pulsation Cage Circulating Current Losses - A portion of the ripple flux

which causes the surface losses described above does penetrate the teeth and links with the
rotor cage and the stator windings. While the resulting induced currents in the stator
winding are small and cause negligible loss, those in the rotor are significant and cause an
important component of the stray loss. Each rotor tooth is surrounded by a high
conductivity damper circuit which opposes the ripple flux. There is a significant damping

action which tends to reduce the ripple flux penetration into the teeth but which results in

'appreciablc induced I2R losses in the rotor cage. Because of the relatively high frequency,

skin effect in the rotor bars is important.
These losses can be modelled in terms of harmonic equivalent circuits which interact

with the fundamental frequency equivalent circuit. The various harmonic fields (slot
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permeance harmonics, mmf harmonics) interact in different ways making the model rather
complex. The basic theory is presented in Section 2 of the report along with theoretical
curves which indicate that the losses are strongly dependent on the stator/rotor slot ratio.
Skewing the rotor slots can reduce or eliminate the portion of these losses caused by the slot
harmonics. However, the resulting increased tooth flux causes a significant increase in the
tooth pulsation flux losses and interbar currents resulting from imperfect cage to core
insulation also become a significant loss component. Because of the difficulty of predicting
interbar current losses, it is difficult to predict the losses associated with skewing. It
appears, however, that skew can generally be expected to increase losses.

Methods for reducing the cage losses caused by flux pulsation include those listed
earlier plus an appropriate choice of stator/rotor slot ratio. In general, strictly from a loss
perspective, using fewer rotor than stator slots offers a considerable benefit and skew

should be avoided.

1.3. High Frequency Time llarmonic Losses

An important issue in the type of system under consideration, and in modern power
electronic motor controls in general, is the question of the effect increasing the time
harmonic frequency has on time harmonic motor losses. There are many good reasons
relating to control characteristics and motor acoustic noise which argue for high carrier
frequency in the inverter. Opposing these arguments is the possibility of high motor losses
caused by the high time harmonic frequency of the carrier. The primary goal of the analysis
in the report is to evaluate the influence of frequency on these losses. In particular, the
analysis is focused on converters which place a substantial portion of the harmonic energy at
relatively high frequencies; in the range of 20 Khz or higher. The major findings of the

analysis in Section 3 are as follows.
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1.3.1 Conductor Losses - At harmonic frequencies skin and proximity effects become very
significant factors in determining conductor losses. For rectangular slots, the variation of
1 the conductor resistance and inductance with frequency follows the general pattern
illustrated in Fig 1.1.
The initial change in R and L as frequency increases is rapid, being approximately
dependent on £2 . This region occurs where the skin depth and conductor depth are of the
same order of magnitude. As the frequency continues to increase, the rate of change
- decreases and the variation ultimately becomes proportional to f1/2 as the skin depth
becomes small compared to conductor depth. These results apply only to the portion of the
conductors in the slots.

The conductor losses are given by

. 2
T Pw = 1R +R)) =( V\L ) (Rs+Ry)

2nfyLg (1.1

where
I, = harmonic current
| | Vy = harmonic voltage
L = total leakage inductance
R¢ = stator resistance
R, = rotor resistance

f, = time harmonic frequency

-1

It is clear that for a fixed value of I, skin effect will increase the conductor losses.
However, for a fixed value of Vy the inverse square frequency dependence of the current
tends to compensate for the resistive increases resulting from skin effect. While it is true

that the leakage inductance Lg is reduced by skin effect, this reduction is much less than
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might be expected since only the slot portion of the inductance is affected. Measurements
on actual machines indicate that Lg is reduced to 0.5 to 0.3 of the normal value at

fy = 20 Khz [Ref.10, Part 3]. A useful approximation is to take

LO ~ KLfv-O.l6 (1.2)

as the frequency dependence of Lg [Ref.10, Part 3].

Since the single conductor cage winding typically exhibits skin effect changes even
at the fundamental frequency, for harmonic frequencies the variation is well into the
frequency range where R; follows an f,,05 frequency dependence (the end ring also exhibits
an increasing resistance because of the way the bar currents enter the ring). The rotor

conductor losses thus vary approximately as

9 2
sz Vv ) Krf 05 ~ —h—v

— \4
2 K £y 016 f)-2 (1.3)

and thus drop somewhat faster than inverse to the harmonic frequency. This strong
dependence clearly indicates that the rotor conductor losses drop significantly as the
harmonic frequency increases.

The stator winding behavior is, however, quite different. Typically the wire size is
such that very little skin effect occurs at fundamental frequency. As the harmonic frequency
increases, the initial increase in resistance can be in the f,,2 region with the result that (using

the approximation in Eq. 1.2) the stator losses initially behave as

Py ~ VP03 (1.4)
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and therefore can exhibit a moderate increase as fy increases. This creates a very different
conductor loss distribution between rotor and stator and can lead to increased stator winding
temperature. The loss distribution within the stator slot is also non-uniform with the
uppermost conductors having the highest loss. As the harmonic frequency continues to
increase, the rate of rise of the stator resistance decreases and eventually approaches that of
the rotor as expressed in Eq. (1.3). The analysis in Part 4 of the report provides a means of
modelling these changes and estimating the stator loss variation. It is, however, true that for
sufficiently high harmonic frequencies the total stator conductor loss decreases with
approximately an f,"® dependence where @ is approximately 1.2, the same as the rotor loss
in Eq. (1.3). There is, therefore, a significant reduction in total conductor I2R loss as the
frequency of the time harmonic voltage excitation increases for frequencies where the skin

depth is small compared to the conductor depth.

1.3.2 Core Losses - The core losses associated with high frequency time harmonics are
influenced by a number of factors which combine to make predictions very difficult. These
factors include the following four principal effects:

1) because the motor slip is very nearly unity for the higher time harmonics, the only
significant flux in the machine is leakage flux.

2) for frequencies where the skin depth in the core material is small compared to the
lamination thickness, the flux only penetrates the core to approximately a skin
depth.

3) the redistribution of the conductor currents caused by skin effect alters the leakage
paths.

4) the eddy currents in the core material can set up a significant reaction field which

opposes the inducing field.
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The leakage flux distribution associated with the high slip operating condition
common to all high frequency time harmonics is illustrated in Fig. 1.2. As indicated by the
equivalent circuit shown in the figure, the air gap flux and the rotor leakage flux are very
nearly equal under this condition with the result that there is virtually no rotor core flux (Fig.
1.2¢). The core losses therefore tend to be concentrated in the stator teeth and portions of
the stator core near the stator slot bottoms. There is also some loss in the rotor teeth caused
by the rotor leakage flux. Note that the usual concept of rotor leakage flux encircling the
rotor conductor (Fig. 1.2b) is inappropriate for core loss considerations since the loss is
proportional to B2. The usual concept, which is based on superposition, is quite acceptable
for calculation of leakage but must be abandoned when core losses are of interest.

The basic variation of the core losses with frequency can be explored using the usual

core loss model described by

P, = Py + P = [knB"f + keB2?] Vo) (1.5.)
where

| = total core loss

Ph = hysteresis loss

Pe = eddy current loss

B = flux density

= frequency
Vol = volume of core

Kp.ke = material dependent constants

n = hysteresis exponent, typicallyn =110 1.5
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Although this model only applies to the simple case where:
i) there is negligible reaction field - i.e. B is the pre-existing field and does not
change as a result of eddy currents,
ii) the flux is uniform - i.e. no skin effect,
it serves as a useful representation if the primary effects of the reaction field are included
separately.
In the time harmonic situation the total leakage flux is directly determined by the time

harmonic applied voltage Vy
fy (1.6)

and, conceptually, the time harmonic flux density is then given by

Oy Y
B, =Y =k, ¥
VTA TRA (1.7)

where A; is the effective area of the leakage flux path. While A; is clearly different for
different portions of the leakage path, it will generally be sufficient for an overall analysis to
consider an average area for the entire path. A more detailed analysis is contained in Part 3

of the report.

1.3.3 Reaction field effects - As noted above, the eddy current reaction field has two basic

effects; reducing the internal B field and redistributing the field (skin effect). For the
leakage fields under consideration, the reduction of the field will not take place since the

total leakage flux is a fixed value determined by Eq. (1.6). Thus, any tendency to reduce
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the flux will simply result in additional motor current to maintain the flux at the required
level. One effect of the eddy current reaction field is, therefore, to reduce the leakage
inductance. This reduction is in addition to the reduction caused by conductor skin effect.
The second effect of redistributing the leakage flux will tend to confine the leakage
fields to local regions near the slot and air gap surfaces. To a first approximation, the field

will only penetrate the lamination to one skin depth Ofe

8(e = V Pre
T rely (1.8)

where
Pre = resistivity of iron
K = permeability of iron
and the B field can be assumed to be uniform over this distance and zero beyond. This

concept can be used to estimate the effective area A; as a function of frequency.

1.3.4 Frequency dependance of core losses - To examine the frequency dependence of the

time harmonic core loss, three limiting cases are considered.

Case 1 - No conductor skin effect, g >> d, d = lamination thickness. This case
corresponds to low time harmonic frequencies with, for example, a wound rotor motor.
The core losses would be given by Eq. (1.5) with B evaluated from Eq. (1.7) with A} =

constant (i.e. no change in flux paths). The result is

P, = (Kn V3 1 + Koy V3) A (1.9)

10
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where Kp1 and K¢ are constants and [ is the motor stack length.

For a constant time harmonic excitation voltage Vy, the loss depends on n, the
hysteresis loss exponent. Since n is usually greater than one, the loss will decline with
frequency. Usually the hysteresis loss is small compared to the eddy current loss at higher
frequencies and, hence, to a first approximation the total core losses would be nearly

independent of the time harmonic frequency.

Case 2 - Including conductor skin effect, g >>d. The major influence of conductor skin
effect on core loss is in the rotor of cage machines. As the rotor current is forced to the top
of the rotor bar by conductor skin effcct, the rotor leakage flux is also forced upward toward
the rotor surface (tooth tops). This has the effect of reducing the area through which the
rotor leakage flux must pass, thus tending to increase B. It also reduces the volume of core
material which is carrying flux, but these two effects do not completely cancel. A third
effect is the change in ratio between the stator and rotor leakage inductances and hence in the
flux ratio. As the rotor leakage inductance decreases, more of the total leakage flux is forced
to exist in the stator leakage paths, thus increasing the stator leakage flux.

While the actual change in losses is very much motor design dependent, it seems
clear that forcing more of the total leakage flux into stator paths will increase the losses
because of the B2 dependence of the eddy current losses. It is also true that this effect is
already significant in most machines under 60 hz, line start conditions. At the extreme, the
rotor leakage flux will be confined almost entirely to the rotor tooth tops very much like the
so called zig-zag leakage flux. For most machines, it is likely that even low frequency time
harmonics (i.e. 5th and 7th of fundamental) will result in all rotor flux confined to such a
surface layer with additional increases of frequency having rather small impacts on the

distribution of flux (as a result of rotor bar skin effect). With the assumption of fixed flux

11
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paths, the eddy current losses are independent of frequency since the frequency increase is
exactly combensatcd by the decrease in flux density. The hysteresis losses will decrease
and eventually become negligible:

In general, then, one would expect a decrease in core loss at fairly low time
harmonic frequencies and a leveling out at high frequencies. Depending on the relative
importance of hysteresis losses and the flux redistribution discussed above, the net
reduction in total loss at.the lower time harmonic frequencies will vary from machine to

machine.

Case 3 - Including conductor skin effect, 8fe < d. When the time harmonic frequency is
large enough so the skin depth in the iron 3¢ is small compared to the lamination thickness,
the leakage flux is confined to a skin depth layer at the iron surface. The situation is now
somewhat as depicted in Fig. 1.3. The region of highest core loss is at the bottom of the
stator slots where the total leakage flux must be accommodated. The flux level along the
stator slot walls drops off as the stator tooth top is approached and the flux in the air gap and
rotor surface is the rotor leakage flux.

The loss for this condition can be approximated by neglecting the hysteresis loss and
assuming the area available for the leakage flux is limited to one skin depth. The flux

density will then be given by Eq. (1.7) with A; =1 8¢

By =ky —v=—KeVv__ _ kgl

' fvl afc l pfc \
V Tl (1.10)

and the core loss becomes (since Vo ~ dfc)

12
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Pev = kcB% r\zl Vol
= K V3 £}/ (1.11)

Thus, for a fixed value of time harmonic excitation voltage, the eddy current losses tend to
increase as f)/2 , a slow but steady growth. This slow growth can be expected to persist
until some other effect (capacitive currents) becomes significant.

It is also interesting to express the loss in terms of the physical parameters of the

core, the resistivity and permeability. In terms of the ke and O¢e the loss is

2
Pey = Ko XYY
Ote (1.12)
and since
_Ke
Pre (1.13)

V2 £ g
Pev = 2
Pte

(1.14)

1.3.5 Total time harmonic losses - The discussion and analysis indicates that for a fixed time
harmonic excitation voltage the conductor losses tend to decrease rapidly (as f;1-2) and the
core losses increase slowly (as f}/2) as the frequency increases. This implies there is some
time harmonic frequency where the total losses are 2 minimum as illustrated in Fig. 1.4.
The location of this minimum is design dependent, the low frequency ratio of core and

copper losses being an important parameter.

1.3.6 Skin depth - The approximate frequencies where the high frequency approximations

given in Egs. (1.3) and (1.11) are first applicable depend on the ratio of conductor skin

13
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depth to conductor depth and lamination skin depth to lamination thickness. Table 1.1 gives
the skin depth for a range of frequencies to assist in estimating the onset of "high frequency

behavior".

14
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Table 2.1

Skin Depth in Copper, Aluminum and Core Steel

Al P

5= npuf
Peu = 0.205 x 107 Qm Par = 0.425 x 10-7 Qm Pre = 5.00 x 10-7 Qm

Heu = Ho Hal =Ho Hee = 800 x Mo
f 6cu 8al 8fe
hz mm mils mm mils mm mils
60 9.31 367 13.4 527 1.63 64.3
500 3.22 127 4.64 183 0.56 22.0
1000 2.28 89.8 3.28 129 0.40 15.9
5000 1.02 40.2 1.47 57.9 0.18 7.0
10,000 0.72 283 1.04 41.0 0.12 4.8
20,000 0.51 20.1 0.73 28.7 0.089 3.5
40,000 0.36 14.2 0.52 20.5 0.062 2.5
15
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Stray Losses in Induction Motors

Section 2
Stray Losses in Induction Motors
2.1. Summary

This section of the report presents a review of the state-of-the-art concerning high
frequency stray losses in induction motors. These losses are distinct harmonic losses
arising from the stator and rotor geometries such as slot and tooth permeances, and
discontinuous current distributions and are not necessarily gcncrétcd because of time
harmonics in the input waveforms.

A narrative of the origins of the above-mentioned losses is given and an explanation
of most of the formulas used in loss calculations is presented. A numerical cxample is given
to illustrate the application of the formulas. These results of numerical computations are
compared with some of thé results given by experienced designers, as empirical values.
Finally, a comprehensive bibliography is included.

Because much of the literature was published before SI units were prevalent,
original results are retained in English (FPS) units. Most graphs and charts are given in
these units. Finally, the literature on the subject is rich and room for further original work is

rather limited.

-20-
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Stray Losses in Induction Motors

2.2. Introduction

The principal effects of harmonic losses (also called high frequency stray no-load
and stray-load losses) in an induction motor are: heating of various machine components;
reduction in output torque; noise; cusps in torque/speed curves; reduction in motor
efficiency; and an ultimate derating of the machine. Even a small increase in harmonic
losses over the predicted design value can have a severe impact on motor utilization resulting
in economic disadvantages to both manufacturer and consumer. Literature on the subject
began appearing around the turn of the century. Whereas numerous papers (and a few
books) have been published on harmonic losses in induction motors, only selected papers,

having a direct bearing on this report, are included in the bibliography.

2.3. Classification of high-frequency harmonic (or stray) losses
In an induction motor, stray losses are the additional high frequency losses due to
the stator and rotor slotting, distributed (stepped) stator and rotor mmfs, and slot and
overhang leakages. According to the nature of these losses, they may be classified as
follows:
@) Surface core loss in the stator.
(i1) Surface core loss in the rotor.
(ii))  Pulsation core loss in stator teeth.
(iv)  Pulsation core loss in rotor teeth.
(v)  Copper (I2R) loss in the cage winding.
(vi)  Core and copper losses due to skewing.
(vii) Core and copper losses due to slot and overhang leakages in the stator core and

windings.
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Although surface and tooth pulsation losses are mentioned individually, it has long
been recognized [53] that the pulsation losses consist of the core surface losses occurring
just below the surface of the tooth tips due to the passage of the slots of the other member
and are practically the same as pole-face losses. The tooth pulsation losses are caused by
the high frequency pulsations of flux extending the entire length of the teeth and a little way
into the coré due to the reluctance changes in the airgap as the slots of one member pass the
teeth of the other. Thus, the distinction between surface and tooth-pulsation losses is rather
arbitrary.

According to the origins of the high-frequency losses, they may be grouped as:

(A)  Stray no-loa;i losses

(B)  Stray load losses
where Group (A) losses are related to the irregularities of the main exciting flux primarily
due to the permeance variations. Group (B) losses are caused partly by the effects of the
current distribution in the machine producing a stepped mmf in the airgap and partly by the
leakage fluxes. In order to understand this grouping, we refer to the principal harmonics in
the airgap fields and their general consequences. These are:

(1) Field form harmonics due to pole shaping and magnetic saturation leading primarily

to stray no-load losses.

(i)  Slot permeance harmonics due to slot openings resulting in stray no-load losses.

(i)  Slot mmf harmonics due to mmfs across slot openings producing stray-load loss

(primarily because of zig-zag leakage flux).

(iv)  Phase-belt harmonics due to the distribution of mmfs in phase belts, leading to stray-

load losses.
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It is to be noted that slot mmf harmonics and phase-belt harmonics together
constitute the airgap leakage harmonics.

On the basis of the above-mentioned harmonics, Table 2.1 gives a‘dctailcd
classifica-tion of the various stray losses belonging to Groups A and B. To understand the
physical phenomena governing some of the components listed in Table 2.1 we further

discuss the surface losses and tooth-pulsation losses.

2.3.1. Surface core losses

Surface core losses are eddy-current losses caused by surface flux pulsations, and
occur just below the surface of tooth top. Surface flux pulsation is quite similar to the pole-
face flux variation in a salient-pole machine, and is due to the movement of the tooth over
the pole face. The flux does not penetrate the entire length of the tooth, but disappears at a
certain distance from the tooth tips (see Fig. 2.1).

The magnitude of the surface flux pulsation depends on the fringing of flux in the
airgap, and thus on the geometry of the flux path. Consequently, surface flux pulsations in
the rotor increase with an increase in the width of the rotor tooth tip [41], but decrease with
an increase in the airgap. At the same time a relatively narrower stator slot causes lesser
surface flux pulsation in the rotor. With closed rotor slots, the stator surface flux pulsations

are practically negligible.

2.3.2 Tooth pulsation core losses
Tooth pulsation core losses are eddy-current losses caused by tooth flux pulsations
which extend through the entire length of the tooth. If an individual stator or rotor tooth is

considered, as teeth of opposite member pass by, the permeance of the path terminating at
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the tooth in question oscillates with every passing tooth (Fig.2.2). The position for
maximum permeance and maximum flux is shown in Fig.2.2(a), and Fig. 2.2(b) shows the
position for minimum permeance and minimum flux.

Obviously, the flux in the tooth core pulsates with an amplitude that depends on the
slot fringing. Because the fringing of flux increases with tooth saturation, tooth pulsation

flux and tooth pulsation losses decrease with saturation.

2.4 Principal harmonic fields in the airgap
Because the above-mentioned losses arise from harmonic fields, it is advantageous

to segregate the fields into the following:

@) The fundamental field which is of the form A cos‘(Px-(m).

(ii) Stator slot-perme'ancc harmonic fields of the form B{cos[S-P)x+wt] +
cos[(S+P)x-wt]}.

(iii) Phase-belt harmonics which are of the form Ccos[(2q-1)Px+wt] and
Dcos[(2q+1)Px-wt].

(iv)  Stator slot mmf harmonic fields of the form Ecos[(S-P)x+mt] and Fcos[(S+P)x-wt].

W) Rotor slot harmonics which are of the form Geos[(R-P)x+(w-RN)t] and
Hcos[(R+P)x-(w+RN)t].

(vi) Rotor mmf harmonic fields having the form Jcos [(R-P)x+(w-RN)t] and
Kcos[(R+P)x+(@+RN)t].

(vii) Otherhi gher-order fields and harmonic fields due to saturation.

In (i)-(vii) we have: P = number of pole pairs; S = number of stator slots;

R = number of rotor slots; N = rotor mechanical speed, q = number of phase-belts.
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2.5. Formulas for loss calculations

We now consider in some detail the various losses presented in Table 2.1. We also

discuss the formulas and procedures for calculating these losses.

2.5.1. Stray no-load losses

These losses belong to Group A, Table 2.1, and consist of the following
components.

Al Surface core losses [3]

Slot frequency pulsation in the flux density around the airgap of an induction motor
is caused by slot currents. As mentioned earlier, these pulsations cause surface losses. For
analysis, the airgap flux density distribution is expressed as a series of rotating harmonic
fields. The harmonic fields have pole numbers equal to (25't1) and (2R'%1) times the
fundamental poles, where S' and R’ are, respectively, the pumber of slots per pole on the
stator and rotor.

It is clear from the above discussion that the surface core losses occur in the stator as
well as in the rotor. However, as we shall see later, surface losses in the stator are generally
negligible.

Empirically, the rotor surface loss due to the stator slot openings is given by:

2
B
= 8
Wso-lel‘(Tﬁa) KprCsy W .1
where D = airgap diameter, in;
L = core length, in;
Bg = average flux density over the effective gap area, kilolines/inZ;
27-
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Kpf = pole-face loss coefficient for stator slot openings, from Fig. 2.3;

Cs2 = rotor iron loss coefficient, from Fig.2.4, at 100,000 lines/in2,
in W/in3 for stator slot frequency; and
A = nD1/S(poles) = stator slot pitch, in.

Mr = 800 (assumed constant).

It is to be noted that, since most of the losses corresponding to Fig.2.4 are eddy-
current losses (which are proportional to the square of frequency and square of lamination
thickness), Fig. 2.4. may be scaled for different frequencies and lamination thickness.
Obviously, %or materials other than 2.5% silicon steel a different set of curves must be
‘obtaincd accounting for the change in resistivity. [See Appendix A for an alternative
analytical approach]

Turning now to Eq. 2.1, we observe that whereas the formula is empirical, it is
dimensionally correct and is based on a broad experience of earlier investigators. The pole-
face coefficient Kpf was obtained by first analyzing the flux distribution curve, shown in
Fig. 2.5, into a Fourier series and then multiplying each harmonic by a weighting factor
equal to the square root of its order and finally taking the square root of the sum of the
squares of all the components to obtain the effective value of the fundamental. It is
arbitrarily assumed that the depth of the flux penetration is one-eighth of the harmonic pole
pitch and that the radial flux density decreases linearly with depth.

The stator surface loss due to the rotor slot openings is given by an expression
similar to Eq. 2.1 where Cs2 is replaced by Cs} and A] by A2. However, for rotors with

closed and semi-closed slots, Kpf (Fig.2.3) tends to zero resulting in a negligible stator

surface loss. Also, Cs in Eq.2.1 decreases with w/g.

.28-



Stray Losses in Induction Motors

A2, Tooth pylsation losses [16,17,48]

Tooth pulsation losses occur in the rotor and the stator of the induction motor.

Following the approach given in reference [17], Richter's result [48] may be used to

calculate the rotor teeth pulsation losses from:

£ £, \?
Wy =B}|o, (—,2")+ ce(——z“) Wikg
100 100 2.2)

where 6p and o are experimentally determined material constants (48, 51] f2k is the kth
harmonic frequency induced in the rotor, and Bk is the kth harmonic rotor tooth flux
density, T. The formula above is also partially empirical.

From Eq. 2.2 above, the total loss is given by

2
Wiok = B3 [Oh (fz*") + G, T JVa w
100 (2.2a)
where vi2 = weight of rotor teeth;
A, sinPB,
B = KBy o
2 B
k (2.2b)

A2  =rotor tooth pitch;

w2  =rotor tooth width;

229



~1 -

-

Stray Losses in Induction Motors

5 kPX,
k DZ

k = order of harmonic
P = number of pole paii's

D, =rotor diameter

X+ X
ky=1- mk Zldk
xmk+ X2dk+ ka(’_z' - 1) + xslot
' Ksk (2.2¢)
Xmk = magnetizing reactance of kth harmonic, Q.
Xodk = differential harmonic leakage reactance for kth harmonic, Q.
ksk = skew factor of kth harmonic
Xslot = slot leakage reactance, Q.
Furthermore,
X 24k = KsaKdikT24ics mk = differential harmonic leakage reactance
for kth harmonic, Q 2.2d)
where
Kk _ h h . . .
ax = tanh|—|/ |—| = damping factor for differential leakage
28] \26 . (2.2¢)

h = ]amination thickness

) =« p/op = skin depth
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k = order of the harmonic

2
. _ wPk/R 1
25K sin(nPk/R) (2.20

with R = total number of rotor slots. Also, in the above calculations | = AB/AH should be

used.

Stator tooth pulsation losses are also given by an expression similar to Eq. 2.2

where £2k is replaced by f1k and oh and Ce correspond to the stator material. Again, itis

_ usually negligible with closed or semi-closed rotor slots.

A.3. Tooth pulsation cage circul in nt-lo: (4] .

These losses are also called rotor I2R loss due to permeance harmonics [3]. The
flux pulsation is measured by the flux pulsation ratio P shown in Fig. 2.5. This Kpf is
calculated by a slightly different procedure as indicated in the text. The two values of Kpf
are the same for 1 < w/g <6. For values of w/g > 6, the Kpf given by (3) gives slightly
higher values compared to those given by Fig.2. 3. It has been shown [5] that the constant

Kpf (Recall Kpf from Eq. 1) is given by:

o
K =|—
" (2—3 (3.3)

where B is the double amplitude of flux pulsation shown in Fig. 255.
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Curves from reference [3] give magnitudes of ripples, caused by slot openings, in
the no-load airgap flux. Figure 2.5 shows the flux pulsation, which is expressed as the
ratio (P) of the dip to the maximum flux density in the airgap. For this dip, there are two
slot permeance harmonic fields, having(S * P) pairs of poles, where P is the number of pole
pairs of the fundamental, and S is the number of stator slots. According to reference (4],

the backward and forward fields referred to the rotor are given by, respectively,

Bp= -;- HPK sin {(S+P)x + [S-’lgﬂ (1-s)- 1]0:}

(2.4)
and
Bi= ; HPK sin ((s-P)x + [SIF (1-s)+1]cm}
2.5)
where )
K=_P_
2-B (2.6)
Po = average permeance
S = slip
S = number of stator slots
p = number of fundamental pole pairs; and
H = amplitude of fundamental mmf.

The magnetizing reactances corresponding to the above permeance harmonics are:

PK
X =X
PS-P) ™ 2(S-P) M @2.7)
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PK
X orcam = a5t X
P(S+P) 2(S+P) M (28)

These reactances are shown in the equivalent circuit of Fig. 2.6. It has been shown in
reference [4] that the permeance harmonic fields do not have any appreciable effect on the
magnetizing current. But, these fields induce S/P-times line frequency voltages in the rotor
(at full speed s = 0) resulting in an appreciable I2R loss. To calculate this loss the
parameters of the equivalent circuit (Fig. 2.6) must be known. These parameters are

approximately given by [4]:

P’Xy

XM(S-P) = 2
(S-P) (2.9)
PX
Xos-p)= 5
(S-P-R) (2.10)
and
_ PXu

Xo(s+P) 5
"’ (S+P-R) @.11)

Knowing these parameters, from Fig. 2.6, the induced rotor currents of the (S+P)

permeance harmonics are calculated. Calling these currents I2P(S+P) and I2P(S-P) the

2R loss due to permeance harmonic induced current is given by:
2 2
Wp=K(R 28[1 2p(s-P)t Izp(sw)]

2
=K{RopCplm w 2.12)
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where Kf = the ratio of the ac to dc resistance of the rotor bars at a frequency S/P-times the
line frequency; R2B =dc resistance of the bars referred to the stator times the number of
phases; and IM = per phase magnetizing current. The constant Cp is the sum of the squares
of the ratios of S-P and S+P permeance harmonic rotor currents to the magnetizing current.

Values of Cp for different number of stator slots per pole (S/2P), rotor slots per pole
(R/2P), and various slot-width/gap (w/g) ratios are plotted in Figs 2.7 through 2.10. These
loss constants are obtained from reference {41, and are valid for unskewed straight slots.
Notice that the losses rise rapidly as R/S increases above one. If rotor slots are skewed one
stator slot pitch, so th'at the voltages of the (S * P) fields over one rotor bar length are almost
zero, the induced currents will be greatly reduced provid'cd there is adequate insulation
between the bars. Otherwise rotor I2R losses will increase considerably [16].

In Eq. 2.12, the loss Wp increases as the ratio R/S becomes greater than one. If R

is very large compared to S, Cp approaches the limit 2. The curves in Figs. 2.7 through

2.10 show that markedly lower induced current losses occur when R < S.

2.5.2 Stray load losses

These losses belong to Group B of Table 2.1. We consider these losses in the order
given in the table.

B.1. Surface losses (5]

The steps in the mmf wave due to the load current produce harmonic fields. The
ratio of the mmf harmonic amplitude to the fundamental mmf is:

mmfripple 1
fundamental wave (25%1)

(2.13)
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The ratio of the mmf harmonic to the permeance harmonic of the same order is given

by:
mmf harmonic _ _ 2(2 -B) ( )
permeance harmonic (ZSil) IO 2.1 4)
where
I = stator load current, A; and
Io = stator no-load current, A.

In terms of these currents, Eq. 2.1 may also be written for the rotor surface loss on
load as:

Wsu—ZDlL(SI ) (100) C l w 2.15)

where it is assumed that S >> 1. The total rotor surface loss is, therefore, obtained by
adding Eq. 2.1 and Eq. 2.15.

According to reference [5], to find the actual load surface losses, the phase angle
between the permeance and mmf ripples of the same orders must be known. The two mmf
ripples are in phase at the point of maximum current, and are zero at the zero point of the
current wave, so that at no load their maximum combined values occur 90° away from the
maxima of the combined permeance harmonics. It has been found that if the (2S-1)
permeance and mmf harmonics come into phase at a given point, the (2S+1) harmonics will
then be opposed in phase. Hence, the combined losses will be either of the form

(A+B)2 + (A-B)2 or of the form 2A2 + 2B2 where A and B denote the two kinds of
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harmonics. In either case, the loss is the same as that obtained by calculating them
independently and adding the results, as if they were always 90° out of phase.

Notice that in Eq. 2.1 and Eq. 2.15 we have assumed the loss to vary with B: .
However, saturation (if present) decreases the relative amplitude of high-frequency
pulsations. Thus, Eq. 2.1 and Eq. 2.15 will predict high values under magnetic saturation.

By analogy with Eq. 2.15, the stator surface loss under load is given by

Wiy =2D L[ 2(13“)2(: A, W
st (Rlo) 100] 12 2.16)

where

Csi = stator iron-loss coefficient, from Fig. 2.4, at 100,000 lines/in? in
W/in3 for rotor slot frequency, and
A2 = rotor tooth pitch, in.

Hence, the total surface loss on load is obtained by adding Eq. 2.15 and Eq.2.16.

B2. Tooth pulsation losses [17, 48]

Stator and rotor tooth pulsation losses are similar to those discussed in Section 2.5.1

under Group A2. These losses are included in Eq. 2.2.

B3. Tooth pulsation cage circulating current losses [4]

The magnetizing reactances corresponding to the harmonic fields due to the steps in

the stator mmf wave are represented by XM(S+P) in Fig. 2.6, and are given by

PX

(s.p)2 2.17)

XMsEp=
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PX

(S+P)2 (2.18)

X Mm(s+P) =

Proceeding as in Section 2.5.1, Group A3 the respective currents and losses are

determined [4]. The total losses due to stator mmf harmonics are then given by:
2 2
Wn= KfRzn[le(s-P)+ IZM(S+P)]
2
=KfR2BCMII W (219)

where Kf and R2B have the same values as in Eq. 2.12, and CM is the sum of the squares
of the ratios of the slot mmf secondary currents to the line current. This constant is also
plotted in Figs. 2.7 through 2.10. These losses are especially significant at high motor slip,
and cause dips in the torque/speed characteristic at their synchronous speeds of [:!:l/R:tSi]-

times synchronous speed of the fundamental wave.

B4, Stator harmonic cage circulating-current losses [5]

Gap leakage fluxes cause rotor I2R losses, which may be divided as follows:

Rotor I2R loss due to zigzag leakage flux -

2

where C = loss factor taken from Fig. 2.7 through 2.10.
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m = number of phases;

I = stator current/phase, A;

ks = skin-effect ratio for rotor bars at stator slot frequency, which is 2sf}, at
synchronous speed; and

R2b = per phase rotor bar resistance referred to the stator, Q.

Rotor I2R loss due to belt leakage flux

1{ 2 2
Wg= ml%kaZb[E(kZm-l + k2m+])] w
1

(2.21)

where km = skin-effect ratio for rotor bars at the phase-belt frequency, which
is 2mf1, at synchronous speed
ki = pitch times distribution factor of the stator winding for the
fundamental field
kam+1 = pitch times distribution factor of the stator winding for the
(2mt1) field.
[Note - m, 11,1 and R2p are the same as in Eq. (2.20) abovel].

The lower order harmonics (e.g. Sth, 7th, 11th, etc.) due to phase-belt leakage flux
induce currents in the rotor. For these fields, the impedance of a cage rotor is small
compared to the magnetizing reactance when the motor is operating at full speed.

B5. Stator-slot eddy-current losses [5, 54]

The formula for this I2R loss is available in reference [54]). However, these losses
are very small and are generally neglected. These losses appear primarily as increased

resistance of stator conductors due to skin effect. This extra copper loss varies as the fourth
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power of the strand depth and as the square of the frequency. Thus the loss is negligible in
small random-wound machines, and is held down in large machines by stranding and
transposition.

B6. Stator-Overhang eddy-current losses [5]

These losses occur in the motor end structure due to end leakage flux.

For the winding geometry shown in Fig. 2.11, this loss is given by:

2| 0.4f,mN’D, A?
WE_ 0.3m Il —I;EF—IO 1+ 4Y1Y2

(2.22)
where A, Dy, Y1 and Y3 are in inches and are shown in Fig. 2.11; m is the number of
phases; P is the number of pole pairs; I is the stator current; and N is the number of turns
on the stator, per phase.

The formula given in Eq. 2.22 is partly empirical. It states that the end losses are
equal to an empirical multiplier, 0.3, times the reactive kVA due to the flux entering the
laminations axially. The losses are due to the eddy currents, in the end structure, by axially-
directed leakage fluxes. The losses are larger for large overhangs and when the end bells,
ventilating shields, etc., are close to the end turns.

B7 and B8. Rotor slot and overhang losses

These are abnormal losses and occur only at high slips.

B9, Skew-leakage iron losses

The loss due to skew leakage flux is given by

2{ AT 2
Wy = 71t—2 _SQIL— (stator iron loss + no-load rotor surface loss) W
o1 (2.23)

where I' = phasor difference between load currentl, and the magnetizing current Ior

-39-



Siray Losses in Induction Motors

o =1 =ratio of skew to stator slot pitch

and  S= stator slots/pole.

The above formula accounts for the stator iron loss and the rotor surface loss due to
skewing of the rotor. It is assumed here that the loss per unit length of the rotor core length
remains unchanged for a given flux density regardless of the flux distribution along the core
length.

B10. Stator teeth harmonic core losses (5]

Rotor slot mmf harmonics cause flux pulsation in the stator teeth, but do not cause
any appreciable high-frequency stator currents because the stator winding is nearly open-
circuited to these fields. Since the rotor slot openings are usually small, the resulting flux
pulsations in the stator teeth are only those caused by the rotor slot mmf harmonics. It is
concluded [5] that for normal machines, high-frequency pulsation losses in the stator teeth
produced by the rotor slot mmf harmonics under load is about 3% of the part of the no-load

core losses occurring in the stator teeth. Thus, these are negligible.

2.6. Note on harmonic torques

Stray torques (also called parasitic torques, asynchronous torques of harmonics, or
subsynchronous torques) are also caused by leakage fluxes as they cross the airgap.
Harmonics give rise to variations, both positive and negative, in the torque/speed curves of
induction motor, and they are a contributor to causes of noise in the machine. As the
harmonic torques result from the interaction of stator and rotor harmonic ﬁcld's, the slot and
overhang leakage fluxes, which link with only one part (stator or rotor) of the machine, do

not produce harmonic torques. However, the gap leakage fluxes, which link partly with
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the other winding, do produce harmonic torques. Reluctance torques due to permeance

variations also cause subsynchronous torques.

2.7. Reduction of high-frequency losses
As mentioned earlier, use of slot wedges and increasing the airgap tend to reduce the

high-frequency losses in induction motors. These methods are now considered in some

detail [31, 34, 35].

2.7.1. Use of slot wedges

Open-slot designs are widely used in ac machines with double-layer windings. This
type of a winding results in a cost reduction in manufacture compared with single-layer
windings in semi-closed slots, and has the advantage that its coil pitch and winding
distribution may be freely chosen. The open-slot feature, however, has a number of
disadvantages arising from large permeance variations due to relatively wide slot openings.
These disadvantages include high-frequency losses on no-load, higher magnetizing current
due to increased airgap, and a consequent reduction in the machine efficiency and power
factor.

Some of the disadvantages of the open-slot design may be offset by fitting suitable
magnetic slot wedges at the slot mouths, thereby reducing the airgap permeance. Reference
{13] lists some of the requirements for a magnetic slot wedge as follows:

(i) Permeability of the wedge should be high in the radial direction to provide a low
reluctance path for the main flux. If laminations are used, these may be either in the plane of
the machine coreplate laminations, or in the radial plane normal to the machine coreplate.

The wedges should not saturate at normal flux densities.
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(ii) Permeability in the circumferential direction should be low to limit the increase of
cross-slot leakage flux.

(ii) The wedges should smooth out the main flux and reduce flux bundling as near the
stator bore as possible. The airgap surface of wedges should be close to the stator bore
surface.

(iv)  Losses in the wedges should be low at normal flux densities.

(v)  Mechanical strength and durability under service conditions should be adequate.

(vi)  The extra cost of the wedges should be sufficiently low to have an economic
advantage by their use.

It has been experimentally verified [13] that the total high-frequency no-load loss of
an induction motor may be reduced by about 60% by magnetic slot wedges. However, they
have negligible influence on stray load losses, since these losses are not greatly affected by
stator slot openings. It is generally believed that magnetic slot wedges aid in reducing:

@) electromagnetic noise due to the decrease of equivalent width of stator slot;

(i)  excitation current due to the reduction in the effective airgap, and

(iii)  starting current due to the increase of stator leakage reactance (which also reduces
the starting torque and power factor). But reference [35] does not consider these problems
significant in‘largc machines, as, in practice, slot wedges are likely to be saturated during

starting, and a decrease of power factor is offset by a decrease in the starting current).

Whereas much of the work related to the effectiveness of slot wedges has been
experimental, an analysis of the flux distribution in a slot by the finite-element method is
presented in Fig. 2.12, which is taken from reference [35]. It may be seen from Fig. 2.12

that the flux distribution is very much equalized by the use of a magnetic slot wedge. Asa

consequence, the Carter coefficient, k¢, and airgap flux density pulsation factor B vary with
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the presence (or absence) of magnetic slot wedges. The constants k¢ and P are defined by

Eq. 2.24 and Eq.2.25 below:

k _ Bmax
c” B
(2.24)
Bg
B=g5
max (2.25)

where Bg, Bmax and B are shown in Fig. 2.13. Both k¢ and B represent the ripple in the
airgap flux. Thus, the high-frequency losses are very much dependent on k¢ and B; that is,
larger B and k¢ result in larger flux-density pulsations and larger high-frequency losses.
Figures 2.14 and 2.15 show the variations in P and ke, respectively, in the presence of
magnetic slot wedges.

In Figures 2.13 and 2.14,

b  =slot opening

T =slot pitch

g  =airgap length (radial)

Hs = relative permeability of wedges

Reference [35] also gives the no-load characteristics of a 10 pole 525 kW induction
motor having magnetic slot wedges. These characteristics are shown in Fig. 2.16. The
effectiveness of magnetic slot wedges is clear from Figs. 2.14 through 2.16.

Usi1‘1g slot wedges to reduce high frequency no-load losses has also been studied for
small induction motors. Reference [34] reports on the use of soft ferrite slot wedges,
instead of magnetic slot wedges, in a 3-phase, 4-pole, 750 W induction motor. It has been
reported that the efficiency of the ferrite-wedged motor improved by 4%, at rated output and

by 11% at a quarter of the rated output with a decrease of 3% in the starting torque.
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2.7.2. Effect of large airgap

The use of larger airgaps tends to reduce the stray load losses by smoothing out the
ripples in leakage fluxes. The variation of the total load losses with the airgap (radial) length

is shown in Fig. 2.17 [17], which may be approximated by

Wy, 2

Wi 2
1 [%0 + (%Q) ] = loss-reduction factor (2.26)

where W]lg and Wyjp are the stray load losses at airgaps g and go respectively.

Equation (2.26) shows that the load losses decrease as the airgap increases. But the
decrease is not as rapid as the ratio (go/g)? suggested by Richter [48]. In order to verify
(2.26) experimentally, the airgap of a 4-pole 7 1/2-hp induction motor was increased from
0.33 mm to 0.51 mm [17]. It was found that the reduction in the load losses at 0.51 mm
airgap, as compared with its value at 0.33 mm airgap, was 56% as measured, and 61% as
calculated form (3.30). However, lengthening the airgap is not an ideal solution as larger

airgap leads to lower power transfer across the airgap.

2.7.3. Use of low loss core materials

This is an obvious solution to reduce both the high-frequency losses. However, the

utilization of low core materials is limited by the cost and availability of the material.

2.7.4. Selection of Slot Ratio

As indicated in Figs 2.7 through 2.10, the harmonic rotor current losses caused by
the permeance mmf harmonics are greatly reduced by choosing a rotor to stator slot ratio

close to but preferably less than one. It would appear that, strictly on the basis of stray loss
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considerations, a design with fewer rotor slots than stator slots has a significant advantage.
Whereas many machines manufactured in the U.S. use more rotor than stator slots, the
opposite is generally true for motors manufactured in Europe and elsewhere. For high
speed machines, the advantage of a rotor/stator slot ratio less than one may be especially

significant.

2.75. f sleeve-rotor motors with air

From the preceding discussions it is clear that much of the high-frequency losses
arise from teeth and slots on the stator and on the rotor, and also from rotor bar mmfs.
Obviously, all of these "evils" are not present in a sleeve-rotor (or solid-rotor) induction
motor having slotless (or airgap) windings. However, at the present these motors are of
relatively small ratings. Considerable amount of work has to be done to assess the

usefulness of such motors for high-frequency applications.

2.8. Sample calculations of losses

We now consider a numerical example to illustrate the application of the loss
calculation formulas of Section 2.3.

In the following the fundamental frequency stator and rotor core losses and the high
frequency stator and rotor iron losses and rotor I2R losses are included, emphasis being on
the high frequency losses. In particular, we consider the following:

i) Fundamental frequency stator core loss W¢ + Wy.
(ii) Rotor surface loss on no-load, Wgo

(iii)  Core loss in rotor teeth, Wk

(iv) Stray‘ load losses consisting of:

(a) Eddy current loss in stator copper, W, due to slot leakage flux
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(b) Losses in the motor end structure, WE, due to end leakage flux

(©) Stator and rotor surface losses, Wy, due to zigzag leakage flux

d) High frequency tooth pulsation and rotor I2R loss, W3, due to circulating
currents induced by zigzag leakage flux

(e) Six-times frequency (for a 3-phase motor) rotor I2R losses, Wg, due to
circulating currents induced by stator belt leakage flux

) Extra iron losses in skewed slots, Wi, due to skew leakage flux

(g) Rotor I2R loss, Wp, due to permeance harmonic zigzag leakage flux.

2.8.1. Design data

The data pertain to a 15 HP, 3-phase, 60-Hz, 1200 rpm, 220-V motor designed by

Kuhlmann [37]. Itis given that:

stator winding turns/phase, Ny = 81

full load stator current/phase, I} =39.3 A

number of phases, m =3

no-load stator current/phase, Ip; = 12.4 A

fundamental frequency pitch factor, kp1= 0.985

fundamental frequency distribution factor, kq1=0.96

number of pole pairs, P =3

hysteresis loss constant, 6, = 2.05 w/lb

eddy-current loss constant Ge = 1.0 W/lb

fundamental flux density in stator tooth, Byj = 97,000 lines/in2 (= 1.503 T)

weight of stator teeth, wyp = 1.53 Ib

stator input frequency, fj = 60 Hz

stator bore, D} =9.5in

rotor core length, L =4.5in
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stator tooth pitch, A} =0.553 in

number of stator teeth, S = 54

airgap flux density, Bg = 42,300 lines/in2
number of rotor teeth, R = 65

rotor tooth pitch, A3 = 0.459 in

rotor slot opening, wgs = 0.06 in

stator yoke flux dénsity B1y = 96,500 lines/in2 = 1.496 T
stator slot opening, wg; = 0.3 in

stator tooth width = 0.26 in

stator yoke weight vy=33.2 Ib

rotor tooth width, w2 = 0.399 in

rotor teeth weight, vip = 13.54 1b.

overhang data (Fig. 2.11) -

Y1=1.585in
Y2=1.355in
A=105in

full-load slip = 0.037
rotor bar height, h =0.531 in = 0.0135 m

rotor bar resistance referred to stator, Rpp = 0.129Q.

3.8.2. Loss calculations

We first calculate the fundamental frequency core loss by a formula similar to Eq.

(2.2), and then proceed to determine the losses given in Table 2.1.
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rcore | fundamental fr ncy flux

Core loss in stator teeth [Eq. (2.2a)]

2
2 60 60
W, = 1.5035 [2.05 (1—0—0— +1 (—1—0(—)-} ] 15.3

=54.74 W (50.5 W estimated by Kuhlmann)
Core loss in stator yoke‘
Wy = 14962 [205 (821 + 1 (2] 332
=118.14 W (108 W estimated by Kuhimann)
Al. Rotor surface loss on no-load (Eq. (2.1)]

Pole-face loss coefficient [Fig. 2.3]

Kpr =10.45 for w/g = 13.6

rotor iron loss coefficient [Fig. 2.4]

Cs2=38 in Eq. (2.1)

and
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Wy =2x9.5x%4.5 (% x 0.45 x 38 x 0.553 = 144.67 W

No-load stator surface loss is neglected.

A2. Rotor tooth core loss - [Eq. (2.2)]

S
Order of harmonic k = —I—,l =18

kPA, 18 x3x0.459
Pe=p, =55 -26

From Fig. 2.5, = 0.6

Amplitude of kth order harmonic flux density,

2-B

By=L

By =L (—0—6—’ 42.3 = 28,480 lines/in2 = 0.448 T
2

212-0.6

Let rotor core damping factor ki = 0.5 [Eq. 2.2c], then from (2.2b):

By = 0.5 x 0.448 x 0439 4 sin 2.61 _ 00494 T
0.399  2.61

W ook = 0.04942 [2.05 (0g0)., (LI%SOQ 2] x 13.54 = 4.59 W

[Eq. (2.2), and note that fox = kf} = 18 x 60 =1080].

Stator tooth pulsation loss neglected.
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A3. Tooth pulsation circulating current loss

From the given data we have
kf= 6.12, RzB =3 x 0.12, Cp= 0.06 ’

Iy=123A.

Consequently, Eq. (2.12) yields

Wp=6.12x 3x0.12x 0.06 x 12.32=20.0 W

Bl. Surface losses on load [Eq. (2.15) and (2.16)]
Rotor surface loss (with S = 54/6 =9)

W2 =2 x9.5% 4.5 —?&Lr (4T26"01 x 38 x 0.553 = 39.87 W

9%12.4

For the stator, from Fig. 3.4, Cs1 = 50 and with R = 65/6 = 10.83 slots/pole (on

the rotor) we have:

Wi =2x95x45 (—393 P (Ql)2 50 x 0.459 = 30.07 W
10.83 x 12.4] ‘100

B.2. Tooth pulsation losses

Neglected.
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B.3. Tooth pulsation cage circulating-current Josses
[See Eq. (2.19)]

Proceeding as in A3 we have
K¢=6.12, Ryg=3x0.12,Cy=0.015,
I,=393A.

Thus, from Eq. (2.19) we have

Wy =6.12x0.12x 0.015x 39.3%=51.0 W

B4. ni i in
Loss due to belt leakage [Eq. (2.21)]. Phase-belt frequency referred to the rotor,

frn = 2mf(1-s) = 2 x 3 x 60(1-0.037) = 346.68 Hz

-7
ntx 346.68 x4 x 10 % 0.0135=13.53

M »
0.02x 10

then

sinh 21 __ + sin 2
k,="M z Mn_353
m
cosh 2n,- cos 2n
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electrical angle between two adjacent stator slots, o = 20°

slots/pole/phase, q =3
fundamental distribution factor

in(qo.,/2
_Ln(q_‘)_=0_9(,

ql ™
gsin(a,/2)

(2m+1)th harmonic distribution factor

sin[q(2m+1)a (/2]

kq(2m+l) = - = -0.177
gsin[(2m+1)a /2]

(2m-1)th harmonic distribution factor

_sin[q(2m+1)ot1/2]

kqem )= Cni@mryoy2) - O

From Eq. (2.21)

(§x0.213)2+ (%x—O.l??) Csarw

Wpg =3x39.32x3.53 x0.12 -
0.96

B5. Stator slot eddy-current losses
Neglected.
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B6. Loss due to end leakage flux [Eq. (2.22)]
2
We=03x3x 3932 |2AX00X3x8L x93, [14 1.06
32 x 107 4 % 1.585 x 1.355
=35W
B7. and B8. Rotor slot and overhang Josses
Neglected.

B9. Loss due to skew leakage flux [Eq. (2.23))

I'=1;-Ip; =33.89 £-12.40° A
Then, from Eq. (2.23),

WkEE

_q2[1x33.89
12

2
) (54.74 + 118.14 + 57.87) = 17.5'W
9x124

B10. Stator teeth harmonic core loss
Neglected.
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Total stray losses

Wistray)= Wso+ Weok+ W+ W + Weo+ Wiy + Wp + WE + Wy
=144.67 + 4.59 + 20.0 + 30.07 + 39.87 + 51.0 + 5.41 + 3.5 + 17.5
=316.61W

2.9. Conclusions

Causes of high-frequency losses in induction motors are space harmonics arising
from the stator and rotor geometries such as slot and tooth permeances and discontinuous
current distributions. These space harmonics not only produce the so-called stray losses but
also generate noise and harmonic torques. In this report, these losses have been segregated
into different categories, their causes and types - whether eddy-current or I2R losses - are
identified. Brief discussions of the location of these losses and their nature are also given.
Without derivations, formulas for calculating the various losses are included and their
applications are illustrated by a numerical example. Means of reducing high-frequency stray
losses are also.suggested.

In terms of their significance, for normal low-slip operation surface core losses (item
Alin Table 2.1) are the most significant. For the numerical example considered, this loss is
over 45 per cent of the total stray loss due to harmonic fluxes resulting from permeance
variations. However, a major portion of this loss occurs in the rotor surface due to the
stator slot openings. The corresponding stator surface loss due to the rotor slot openings is
negligible for semi-closed rotor slotting. This loss is dependent on the stator slot frequency

and also on the core material.
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Stator and rotor core surface losses caused by the gap leakage harmonic fluxes (item
B1 in Table 2.1) constitute about 22 per cent of the total stray losses. These are stray-load
Josses and are similar to the no-load surface losses except that the former are significant in
the stator surface also.

The next significant loss is the tooth-pulsation cage circulating loss (item B3 in Table
2.1) constituting about 16 per cent of the total stray loss. This is a stray-load loss in the
rotor cage and is especially significant at high slips.

Tooth-pulsation cage circulating current losses (item A3 in Table 2.1) on no-load are
about 6 per cent of the stray losses. These losses are similar to those of item B3.

Other losses are less than 5 per cent of the total stray losses.

In terms of their effectiveness in reducing high-frequency stray losses, use of slot
wedges has been found to be most effective. Use of (permissible) large airgaps and
appropriate stator/rotor slot ratio also tend to reduce the stray losses.

Reference [28] gives 13 rules which make it possible to reduce the stray full-load
losses to 1% of the power input.

The rules refer to the number of stator and rotor slots, slot skewing, coil pitch,
parallel winding paths, slot opening, transverse rotor resistance, influence of working and
ageing. These rules are as follows:

1. S$>R

2 Number of stator slots as high as possible.

3 Non-skewed stator and rotor slots, especially if S <R.

4. Two-layer chorded stator winding with a chord 5/6.

5 With a delta connection: IS - Rl #2p, 4p, 8p |p = pole pairs].

6 With parallel paths: a connection making the secondary armature reaction

impossible.
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Ratio of slot opening w to segment height A: rotor: w/h < 1; stator w/h < 3.

Re-turn rotor surface to prevent sheets to be short-circuited, stator bore better not
re-turned.

Use of sharp press-tools if sheets are not annealed.

Use of annealed sheets, particularly for small motors.

Small stator and rotor slot openings.

With skewed machines transverse resistance either very small or very large.

Storage of the motors because, due to ageing, the stray losses are reduced after six

months to 0.6 of their original value.
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2.12 Appendix A

nalvg rminati
Al. Introduction

Much of the published work on the determination of surface losses, as given in this
report, is based on empirical or graphical methods [5,7). Reference [28] gives an analytical
method, but does not account for lamination thickness and does not determine the harmonic
field. Reference [46], although accounting for the effect of lamination thickness, also does
not give the determination of harmonic fields, Clearly, graphical methods [17] are tedious
and inaccurate and the empirical method [5] is limited to a specific lamination and frequency.
In the following, we present a general method of finding the surface losses analytically.
The method is based on the assumption that the stator slots are open and the harmonic field
has the distribution as shown in Fig. 2.5. These assumptions have been used by Alger [5],
and the proposed method accounts for skin effect and is valid for any lamination thickness
and any operating frequency. For rotor tooth "overhang", a factor is introduced in the

expression for the surface flux at the rotor tooth.

A2. Airgap flux distribution

Qualitatively, we assume that the harmonic flux density distribution due to slotting is
sinusoidal [5] with a double amplitude B, the maximum flux density of the permeance ripple
being B/(2-B) times the fundamental flux density at any point. The flux pulsation, B, as a
function of slot opening/airgap, w/g, is shown in Fig. 2.5. The maximum flux density for
each harmonic is given by

L
% (2*13) ’ (Al)

N
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where By is the average flux density in the airgap. The flux density distribution may then be
written as

b,y =B, cos kx (A2)

where Bk is the same as given by (Al).

A3. Surface flux at the rotor tooth

In order to find the surface flux over a rotor tooth, we divide the tooth surface into N
regions, and obtain the flux density iﬂ each region. By integrating the harmonic flux density
in each of these N regions and subtracting from it the Nth part of the tooth body flux (which
causes the tooth pulsation loss) an approximate value of the surface flux in each region is
obtained [46]. The accuracy of calculations will depend on the number of regions N.

Referring the flux density given by Eq. (A2) to the rotor coordinates we have

b,k = Bk cos(kx-wt) (A3)

Now, the flux in the body of one rotor tooth, i.e., the tooth pulsation flux, is obtained by
integrating Eq. (A3) over a tooth width at the rotor surface wyg.. Thus, expressing the

result in the form given in [46] we obtain

sin(knk /R")
¢rc= B 11 d Wro ——————cos Ot
knk /R (Ad)
where
I = rotor stack length, m
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R' = number of rotor slots per pole

_ tooth width at the rotor surface _ Wro

k2 rotor tooth pitch Tt

Notice that K3 accounts for the rotor tooth overhand effect.
Let us divide the tooth surface into two regions (N = 2). Then, the integration of
Eq. (A3) over a region given, approximately, half the tooth body flux of Eq. (A4) and a

surface flux which enters only in one half of the tooth but leaves via the other half.

Integrating (A3) over O to % W0, the flux in each region is

sin(kmko/2R")
knko/2R'

krks
2R’

Ok = i Bkl wno cos ( + mmt)

(AS5)
Then, the surface flux in each of the two regions is approximately given by

1
Prsk=bric— 2 Prui (A6)

where dyx and ¢k are respectively given in Egs. (A4) and (AS).
The average value of (¢rsk/Wri0)? is:

2) B 2 )
TP |72
16 (2—[3) # O

2

(q)rsk) =_l_
Wii0/ave 8§

(A7)

where
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_[sin(knky/2R") P {sm(knkﬂR)
~ | knky/2R’ knky/R’

[sin(kmky/2R") _ sin(knky/R") cos knk;
| knka/2R (knk2/R') 2R’ (A8)

Ad4. No-load rotor surface loss

The no-load surface loss per unit rotor surface is given by [46]:

" 033p [sinh(ZM) ; sin(2?ud)] Win?

u2 | cosh(2Ad)-cos(2Ad) (A9)

This method accounts for the skin effect by the factor within braces where

o= Oror _ flux per unit tooth width, WPm?
Wro

2
A" = pw/2p, m2
TS TRIN = permeability, H/m
P = resistivity, Q2-m
wg = 2nfy = angular frequency of kth harmonic
d = lamination thickness, m

Finally the total no-load surface loss becomes, from Eqs. (A8) and (A9):
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, (Yo
Wso=2nDl%Eg( )Bgﬂ

X3p Cir [smh(ZM) sm(27«.d)}
2-B

p2 cosh(2Ad)-cos(2Ad) (A10)

In (A10) the factor 2 accounts for the losses due to two equal harmonics of the order (2st1)

and 1tD/A is the surface area across the direction of the

AS. Rotor surface loss on load

Proceeding as in reference [5] the rotor surface loss on load is obtained by

multiplying Eq. (A10) by a factor

I 2
Kn= (57,

1

&
2-B (Al1)

to obtain

Weiy=2nDI 2L 12 Bz A’p e [sinh(de)—sin(de)] (ck i
0

816 8 2 | cosh(2Ad)-cos(2Ad) (A12)

where
S’ = number of stator slots per pole
I = rms stator load current, A
Io = rms stator no-load current, A.

A6. Stator surface loss on load:
By analogy with Eq. (A12), the stator surface loss on load is given by:
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A inh(2Ad)-sin(2Ad) 2
Wiyt = 2nD1 2L 22 B2 'pc,[s"‘ L Pw
. 816 5 12 | cosh(2hd)cos(2hd) vn)

where
R’ = number of rotor slots per pole

A =2rCREDW2p

Cis knK,/2S' knK,/S' knK,/2S'
¢ cos(knK /2S)
K, _ effective tooth width in airgap for stator _ Wy

stator tooth in pitch at airgap ts0

A7. Stator surface loss on no-load:

Due to closed or semi-closed rotor slot, the no-load stator surface losses are

negligible.

A8. Sample calculation

The data for the motor are adopted from Kuhlmann [37].

k=2S*t1 =17,19

fx = 25f; = 1080 Hz
wg = 2nfx = 6785.8 rad/s
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| €
"

' f—
w
=

From Fig. 3.5, the flux pulsation  can be found by using!vg— =13.6

B = 0.85

T
By= (L) B, =24555.6 lines/in? = 0.3806 tesla

Ky =210 _ 0871
10

= 800 pg = 1.005 x 10-3 H/m
p =5x 107 QM for 1% Si steel

Ot
2= =
A2 = 20 6821824.4

A =2611.8
d=0.019"=4.826 x 104 m
2Ad = 2.521

Cir=0.1175

sinh(2Ad)-sin(2Ad)
cosh(2Ad)-cos(2Ad)

=(.801
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2

sinh(2Ad)-sin(2Ad)

6
3‘7"=3.37x10
n
2 2
—ompy2Llz?| P 20p
Wso = 21Dl 816 (2_[3) Bg uz

Clr [

cosh(2Ad)-cos(2Ad)

=90.3 W (144 W by using the method of reference [5].
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Fig. 2.1. Variation of flux density over tooth top.
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Fig. 2.2. Two relative positions of a rotor tooth T, with respect to stator teeth,
showing permeance variations.

(From Reference 42)
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Section 3
High Frequency Time Harmonic Losses
in Induction Motors

3.1. Introduction

In the first part of this report we have considered the high-frequency stray losses
arising from space harmonics. Because the induction motor is supplied at 400 Hz via an
electronic converter with a high frequency (20 kHz) carrier it is importtant that we consider
the losses stemming from the carrier frequency. We term these losses as those due to high-
frequency time harmonics. The major components of time-harmonic losses at high
frequencies are:

(i) I2R (copper) losses in stator and rotor windings;
(ii)  Core losses in stator and rotor cores at the high carrier frequency; and
(ii1) Stréy losses, which are essentially surface losses in the rotor and stator.

In evaluating these losses, two phenomena--skin effect and the screening effect of
the reaction field produced by the induced eddy currents--must be taken into account. We
do so by introducing appropriate factors later in the text. The physical significance of skin
depth becomes evident if the depth of the material located in the field is several times larger
than the skin depth. In this case the electromagnetic wave penetrating into the considered

region vanishes at a relatively small depth.

3.2. Resistance and reactance correction factors
Because of a pronounced conductor skin effect, the resistance and reactance of slot-
embedded stator and rotor conductors depend on frequency. The modified resistance and

reactance, accounting for their skin-effect dependence, are respectively given by

R(w) =k, Ry (3.1)
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and

X(w) = kxnXi (®) + Xend 3.2)

where X; (w) is that portion of leakage reactance which depends on skin effect; Xend is
assumed to be independent of skin effect. The correction factors k and kxn account for
the deviation of values of resistance and reactance from their low-frequency values. These
correction factors are obtained by solving the field equations for the model shown in

Fig. 3.1a and for the nth conductor are given by
l(m = (P(g) + n(n'l)\"(é) (3])

kan = —-[n®) + n(n- DA®)]
28 (3.2)

where
o) = sinh2&+sin2§
cosh2&-cos2€ (3.3)
w(E) =2t sinh2&-sin2&
cosh2&+cos2§ (3.4)

sinh2&-sin2&

N =¢§
cosh2&-cos2€ 3.5)
AGE) = 26 sinhE+sing
cosh&+cos (3.6)

and £ = h/§, § being the skin-depth.
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The average values of the correction factors, as obtained from

1
M

Mz

k,= Ken

1 3.7)

n

are given by

- M21
ke =@(§) + 3 /(3] 3.8)

and

2
3 M-1
ky=—— 2[n(§)+ 3 x(&)]

28 M (3.9)

The correction factor for the rotor with only one conductor in a slot, for M=1 in

Eq. (3.8), may be approximated by

4

k,=<p(§)sl+;(—)- 0<E<1
) (3.10)
=g £>1 (3.11)

As defined earlier, & = h/d, which may also be written as
0.5
g=(w g) he0-5

p b (3.12)

3.2.1. IT [ resistan
For aluminum rotor bars, p = 425 x 10-10 Qm at 150° C, and we may take c = b,

so that Eq. (3.12) becomes
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£ =9.638 hfy

(3.13)
where fy is the time-harmonic frequency. Consequently, for the rotor
1+1150h*; 0< §<1 or fy <0.0108h2
Ryga) _ |
o) g =
Rdc(bar) .
9.638 hf)> £>1 or f,>0.0108h2 (3.14)
Often, h is expressed in cm, in which case Eq. (3.14) may be written as
1+0.115 higmy x 104 f, < 108hZ,,
k.=
5 -2
0.0964 h(cm)f?, fv > 108hcp,) (3.15)
The corrected rotor resistance is given by
' 4 2 -2
1+Cy hepyfe £y < 108h(cy,
Ry _
Reec)
" -2

where C'] =0.115 x 104 and C"; = 0.0964. In Eq. (3.16) we have assumed that the end-
ring resistance is affected by the skin effect in the same way as the bar resistance.
Major factors influencing R,y are:

@ rotor bar height or relative height (§ = h/8), which determines the nature of the

frequency-dependence of the corrected rotor resistance.
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(ii) skin effect in the end-ring resistance.

(iii)  bar and slot shapes, affecting the value of C"1 (ranging from 0.025 to 0.15).

3.2.2. Coected stator resistance
It is generally assumed [3,10] that the results obtained for the model of Fig. 3.1a

are approximately valid for circular conductors. To obtain values ofr M, c and h it is
necessary to select a reasonable value for the number of conductors per layer and then to
convert the round wires in each layer to an equivalent rectangular layer. Using the
approach suggested by Niemela, et al., the last conversion can be accomplished in three
steps.
step (i) -  Express the dimensions of the layer of round wires as shown in
Fig. 3.1b(i)
step (i) - Replace the round wires by conductors of rectangular cross-section,
having the same area as that of the round wire. Thus with hey = by in

Fig. 3.1b(ii)

=YK ¢
ey =75 Cen (3.17)
Step (iii) - Butt the wires together as shown in Fig. 3.1b(iii) for which
¢ =Nihey (3.18)

where Nj = number of round conductors per layer.
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For the stator, the correction factors given by Eq. (3.8) may be approximated by

2
4 — 4
1+—4—§+M ! -1—§ 0<E<l1
30 3

-
-
n

M™1
&+

(28)

E>1
(3.19)

These equations may also be written (for copper conductors in stator slots,

p =205 x 10-10 Qm) as

1+ Cohimy % fv<5lhily

-
s
it

C"shem)f%> fy > 51hZy

where
.5
£ =0.1388h ey »

2
. |4 M-l -4
Cz_(_ﬁ+_—9 )3.8x10 ,

and
c', =[1 +%-M2-1] 0.14,

(3.20a)

Recall that k; is the ratio of the stator resistance at a frequency fy to its dc resistance. Thus,
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Rgy =kRyu) (3.20b)

Plots of correction coefficients and dc resistance R dc(~ 1/h) of stator conductors as
functions of relative height (§ = h/3) are shown in Fig. 3.2. In this figure, k€ is for the
total effective resistance -- resistance of the conductor in the slot plus the resistance of the
end connection. The difference between the dashed-line curves and the solid-line curves
arises due to the way in -which the resistance of the end connection is taken into account.
Solid-line curves correspond to the assumption that the resistance of the end connection has
the same correction coefficient as does that in the slot. The dashed-line curves correspond
to the assumption that the resistance of the end connection has no skin effect. From these
curves it is evident that the losses are minimum for a certain conductor height, known as

the critical height of the conductor.

Mathematically, the critical height is obtained from

dR,,
dg

=0

For a given frequency, 3 is fixed; and & varies with h. Now,

R,, =k =X L
och £ ocd

dR

Thus, —- =0 implies that
dffk) 119
d& |\ &) ocd

or
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ik g | @+ 30l .
d§ (& ) dg §
For M=1,
S critical = Z=157
2 (3.20c)
ForM22
1/4
3
gcrilic:ul=
M -0.2 (3.20d)

Equations (3.20a) and (3.20b) show the nonuniform increase in the stator

. . . . 2 . .
resistance. At low frequencies, the resistance increases as f,,, whereas at high harmonic

. . . . 0.5 . . .
frequencies the resistance is proportional to f, . The stator end connection resistance is

assumed to vary in a manner similar to the resistance of the conductors in the slot.

We now consider the variation of k; with M. Combining Eqgs. (3.18a) and (3.20a)

yields
= bH) 1 2 (M2, .5
ky =(0.14 kg B )M[l +3(M 1)]f9 (3.200
Note that for large M's, (3.20¢) becomes
k; = aMfQ-3 (3.200)

where o is a proportionality constant.
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Now, if H = constant, for large M, k¢ is directly proportional to M and Rsy
increases with ki, since Rgc = constant. Next, if M = constant, as H increases, Rgc(~ 1/H)
decreases and kg~ H) increases. Thus the corrected resistance Rgy = ~k;Rgc remains
approximately unchanged with an increase in H.

_ The factors influencing Rgy are:
@) number of layers of conductors, M; ki is sensitive to M.
(i1) height of conductor layers, h, which determine the nature of the frequency-
dependence of the corrected stator resistance.
(iii)  skin-effect, affecting the end-connection resistance.

(iv)  conductor shape, material, and temperature.

3.2.3. Corrected rotor leakage reactance
For the rotor we have M=1 and kx of Eq. (3.9) may be approximated by

r 1 | 0<E<1
ky=
3 E>1
\ 25 (3.21)

Substituting & = 0.1 h(em)fy?-3 in Eq. (3.21) yields

1 f, < 108h2,
ky =
C'shil £ fy > 108hy, (3.22a)
where C"3 = 15.
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The rotor end-ring leakage reactance is practically independent of skin effect, as

indicated by Eq. (3.2). Therefore, the corrected rotor leakage reactance becomes

f. f
Xy = ky £ X (£1) + 2 Xoena (£
=k 2(f1) i) 2end (f1) (3.22b)

where X'2(f1) = (X2-X2¢end) at the fundamental frequency f1.

Figure 3.3 shows a substantial increase in the effective reactance of the conductor
as the slot opening or the ratio [ /a is reduced (where I and a are slot dimensions shown in
Fig. 3.3(a)). Notice that the variation of reactance with [ /a is greater for higher values of

h/s.

3.2.4. Corrected stator leakage reactance

Since we have M layers of conductors in stator slots, kx of Eq. (3.9) may be

approximated by
1 0<E>1
ky=
1 (.1. + Mz) 1 g >1
212
\ M g (3.23)
which may also be written as (for copper windings)
-2
1 fv < Slhgmy
ky=ky=
CahilmfiPS f, > 51hZ (3.24a)
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where

c'y=122 M2+ 0.5)
M

Again the stator end-connection leakage reactance is independent of skin effect.

The corrected stator leakage reactance becomes:

Xy =k f"X'(f) v x df)
3 —_— +__
iv xfl 1{*1 fl lend'1 (3.24b)

where X'1(f1) = (X1-X1end) at the fundamental frequency f;.

Figure 3.4 shows the ratio of the measured leakage inductance to the normal
leakage inductance at fundamental frequency [3]. Notice that the leakage inductance does
not drop as fast as indicated by skin effect. This is due to the fact that the end leakage

inductance is relatively independent of the skin effect in the slots.

3.3. I2R loss calculations
Knowing the corrected resistances and leakage reactances, the I2R losses in the
rotor and stator may be determined from the approximate equivalent circuit which consists
of the resistances and leakage reactances in series. The equivalent circuit shown in Fig. 3.5
is developed from that of a conventional induction motor by setting
_ vf, - (1-s)f,

Sy=————— =1 forv>>1
Vi,

The magnetizing reactance being relatively large is not included in the circuit of Fi g 3.5.
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From the circuit the harmonic current is given by

= v% =
. (Rgy + Rrv)2 +(Xyv + XZV)2

I

INYS

(3.25)
where V,, = RMS input harmonic voltage at f,,
Rsy = (kr)sRs(dc)
Ryv = (kkRe(ac)
fy
Xv=(ky, £ Xf1) + X 1end

f
x2v = (kx),% del) + X2end

and

f1 = input fundamental frequency (60 Hz).

Using the frequency constraints on the correction factors for high frequencies, we
obtain
Z,=(R,,+R) +XXlv + sz)

) . 0.5
=(C"hR gy + C" 1 HR o)) . £

+] [gi X'y(fy) + &3 X'2(f1)] 05 + [Xiendf1) + Xendf1)] 2
fih f,H (cm) fy

(3.26)
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Then, the losses are given by:

stator copper loss - (W} = 313R,\, - (3.27a)

rotor copper loss - (W CJN = 313]{ v (3.27b)

The ratio of copper loss at a high harmonic frequency to that at fundamental

frequency is:
for stator fy > 51 h-2(cy:

W " 2
(Wakv _ 2h(cm)‘3'5(%)

(Weak1 (3.27¢)
for rotor fy > 108h-2(cmy:
(WGJ)I'V " S( I )2
= C" H(em o3
Weak1 =~ 1 O™V AT, (3.27d)

where I} and I'; are, respectively, the stator and rotor currents on load at fundamental

frequency.

3.4. High-frequency core losses

High-frequency stator mmf produces a rotating magnetic field, with the
synchronous speed wgy = 2nfy, in the airgap. This high-frequency field penetrates the
stator and rotor teeth surfaces to a skin depth giving rise to traditional core losses at the

(fundamental) carrier frequency, fy. Because the field does not significantly penetrate the
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tooth body, there will be no respective loss. The induced eddy currents produce a reaction
field, which will further reduce the resultant flux density. According to Richter (8] the

respective stator and rotor core losses are given by

r 2 2
(Wieksv = Pe (_f_v_ k%kker + 04_&.}%‘] (Bm\_' W/kg
100 100 100 (3.28a)
- 2 2
(Wickv =|0" (ﬁ- Kker + o'..(—fv—)kfk] (Em Wikg
100 100 100 (3.28b)

where fy = harmonic frequency

By = maximum harmonic airgap flux density, gauss

hE-
ksk = fZ_ _cgs_éc_oss = skin-effect factor (3.29a)
£ v cosh&+cosE

ke = 3 M = reaction-field factor (3.29b)
£ \ cosh&-cos§
£ =200

A =VHoy /2 =§

2d = lamination thickness

o = skin depth, m
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il = HrHo = core permeability, H/m

p = resistivity of laminations, Q-mm%m ~ 0.15 Q-mm2/m

Plots of Eqs. (3.29a) and (3.29b) with E(~ V) are shown in Fig.3.6.
To determine By, we observe that the harmonic field due to high carrier frequency
does not contribute to the magnetizing field (Fig. 3.5).

The harmonic flux per pole is given by

=B EQ l
& =By 75 (3.30a)
The corresponding harmonic voltage becomes
=4.44 f, Negrdy = NogrB,p, ZRL
E, v eff¢y effOmy P (3.30b).

where Nefr = effective number of stator turns/phase and Neggr = Vi, N, (ky being the
correction factor for leakage reactance and N is actual number of turns/phase).

The effective number of turns Ness in Eq. (3.30b) is a consequence of skin effect
which tends to reduce the number of turns and the corresponding reactance. For instance,

without skin effect, the leakage flux linkage is given by

X
ll= lv

Ilv
v

- With skin effect, the leakage flux linkage becomes
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_ kxxl v I
v 1v

Wy

Assuming the leakage permeance A to be the same in both cases, the above flux linkages

may be written as

7\-1 ——J— Ilv

and

A

2
;\"V= kxN —_'Ilv

2 N
=Neg— hiv.

Consequently, Neg = Ykx N.

Referring to the equivalent circuit shown in Fig. 3.5, we obtain:

'VV (Rsv‘*’_]xlv)l\'l T

4.44 f, Nt (B2 1
v “‘( p ) (3.30¢)

mvy —

Notice that the core losses at high carrier frequency are very small for the following

reasons:

@) From an equivalent circuit viewpoint, since sy = 1, the magnetizing impedance,
being very large compared to (Rrv + X2v), may be neglected. Consequently,

lzvacv =0.
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(i) From a physical point of view, since the high frequency field does not penetrate the
tooth body, the corresponding loss is negligible. Sample calculations validate this

fact.

3.5. Stray losses

As mentioned earlier, high frequency harmonic fields penetrate the iron core
through a skin depth. Therefore, at high carrier frequency there are no tooth pulsation
losses and cage-circulating current I2R losses will be negligible. The remaining stray loss
components are the surface losses of the following origins:
(i) slot leakage flux
(ii) zig-zag leakage flux

(ii)  end-connection leakage flux

3.5.1. Surface loss due to slot-leakage flux

The slot leakage flux pcneirates the slot walls (and bottom) through a skin depth.
This flux induces eddy currents producing surface eddy-current losses, at the fundamental
of the carrier frequency. This portion of stray losses is generally negligible in the motor at
the fundamental input frequency (~ 60 Hz).

Figure 3.7 shows the stator-slot leakage flux paths and the corresponding flux

density distribution along the slot depth, where § is the skin depth for the conductors and
d¢ is the skin depth for the core lamination. The average stator-slot leakage flux per slot at

the slot walls per unit slot depth is given by:

1 [X1vsior 1 1
¢, =——|—1, — Wb/m
YN e, Sy (3.31)
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where
Ni = number of stator turns per phase
S = number of stator slots per phase
Hy/§ = approximate sum of skin depths for M layers of conductors.
From Appendix A of Part of 2 of this report, the surface loss per unit surface area is
given by
2.3
w, = 2P (sinh2)d-sin2Ad |, wym2
u? - \cosh2hd-cos2rd (3.32)
where
¢ = flux per meter, Wb/m
p = core resistivity (= 5 x 10-7 Qm for 1% Si steel)
1] = Wjlo = core permeability, H/m
2d = lamination thickness, m
A =V pwy 2p = 1/8., m-1
Oc = skin depth of lamination (Fig.3.7), m
Wy = 21tfv
Ker = reaction-field factor defined by Eq. (3.29b)
E = 2dA.

-103-



=

-t

High Frequency Time Harmonic Losses in Induction Motors

mewmmﬂmmmmmis

2
Wisy =[S(2H, +b)5 ] 1vP (ﬂﬂmﬂn&i W

u2 cosh2Ad-cos2Ad (3.33)

»

where S = total number of stator slots and (2H+b)d¢ = surface area of slot lamination

across which leakage flux flows (Fig. 3.7).
Figure 3.8 shows the rotor-slot leakage fluxes and flux density distribution, where

d is the skin depth of the conductor and O¢ the skin depth of the core. The average rotor-

slot leakage flux per slot at the slot walls per unit slot depth is:

¢2v .__L x2Vslol Iv L) 1 Wb/m

N2\ 2rf,  Rif(mye) (3.34)
where
Ny = rotor number of turns per phase
R, = number of rotor slots per phase
0 = (Hy/€) = approximate skin depth of the rotor bar.

As in Eq. (3.32) the total surface loss due to rotor-slot leakage is

2% [ .
Wast = R(2Hp+b)5.) $2vA P (-SMZ_&LSI_nZ_A_d_) Ker W

12 lcosh2Ad-cos2Ad (3.35)

where R = total number of rotor slots and (2H+b)8; = surface ’arca across which leakage

flux flows, and the corresponding loss occurs.
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3.5.2. Surface loss due to zigzag leakage flux

Dips in the carrier frequency stator flux distribution around the airgap due to slot
openings cause slot frequency (2S'fy, S' = stator slots per pole) pulsations in the radial
flux density around the airgap. These pulsations cause surface losses. To calculate these
losses, we use the method of Appendix A of Part 2 of this report. As found in Part 2,
these surface losses are primarily due to the stator slot openings. Referring to Fi g.2.5and
Appendix A of Part 2, the maximum pulsation flux density is

o

=0
ka 4

(3.36)

where Byyg is the average flux density in the airgap at f,,.

Here we have used Byx because By gives rise to surface loss due to zigzag
leakage, whereas Byg produces the tooth surface losses, which have already been
considered as core losses.

Using the approach given in Part 2 of this report, the surface pulsation flux due to

zigzag leakage is, approximately, given by

1 sin(kmky/2R") knk, _sin(kntky/R’)

where
1 = axial core length, m
wno = rotor tooth width at the airgap, m
R’ = number of rotor slots per pole
k =25t 1
S = number of stator slots per pole
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w
kg - rt0
to
t0 = rotor tooth pitch.

Then
2
R P ket
rtl 7ave 8 B (3 38)
where
2 2
sinknk2/2R' sinknkle'
Cur= +
knk2/2R' knkle'
sinfknky2R') sinfknkyR?) _ knk,
- . cos :
kmk,2R'  knky/R' 2R (3.39)

The total rotor surface losses due to zigzag leakage flux is

3
B 2Ap ( sinh2Ad-sin2Ad )
1rter

2
- 2
w —2(1tD5)———(—) B c
sOv 8 16 2-B v uz Y cosh2Ad-cos2Ad

where the factor 2 accounts for the harmonic fields (25t 1) and D is the diameter at the

bore.

3.5.3. Surface loss due to end-connection leakage flux

The end-connection leakage fluxes of the stator and rotor will partly link with the
core and structural parts, penetrate the core in the axial direction through a skin depth

induce eddy currents in the core and cause additional main frequency (fy) eddy current
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losses. Referring to Fig. 2.11 of Part 2 of this report, the end-connection leakage fluxes

produce a total loss given by

1.6f,mN2D A2
WEy = 0.3 mi [-V— log (1 + ] Kike W
p210’ 1Y, (3.41)

where: '
Ky = zZ cosh&-cos§
£ cosh&+cosg

= skin effect coefficient

k.23 sinh&-cosg
* £ cosh&+cos

= correction factor for the reaction effect of eddy-current

Iv = rms current per phase at fy

m = number of phases

N = effective winding turns per phase
D = bore diameter

P = number of poles
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peripheral currents

Y1,Y2 =axial distance between stator and rotor end-current centers to the

= slant distance between the assumed center of the stator and rotor

end of the laminated core.

Sample calculations

From the given data by Kuhlmann [37]:

3.6.1. 2R copper losses for stator and rotor (at 20 kHz)

I Totor:

§=1838>1 from Eq. (3.13)

ke =18.38 from Eq. (3.15)

Ry=220Q from Eq. (3.16)

kx = 0.0816 from Eq. (3.21)

Xoy=479Q from Eq. (3.2)
For stator:

£=338>1 from Eq. (3.13)

kr =794 from Eq. (3.19)

Rgy =119 Q from Eq. (3.16)

kx =0.3 from Eq. (3.24)
Xiv=633Q from Eq. (3.2)

Thus:
Iy=1.133 A from Eq. (3.25)

(Wa)., = 31R,, = 45.83 W

(Wa), = 31R,y = 8.5 W
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Total copper losses:

(Wa), = (Wa),, + (Wa),, = 45.83 +8.5=54.33 W,

3.6.2. Core losses: Refer to Section 3.4).

o =205.2 cm-!
E = 9.903

Ker = 0.30303
k2g = 0.02039
Neft = 44 turns

Bm,v = 20.5 Gauss
For the stator:

(Wed:, = 0.59 x 107 Wikg

For the rotor:
(We), = 1.28 x 10" Wikg

For core losses:

(Wil =(Wiekv Gs + (Wee)v G; = 0.12 watts
where

G;s = corresponding stator tooth weight

Gy = corresponding rotor tooth weight

3.6.3. Additional stray losses:
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wlSL = 6.8 watts

WZSL= 7.43 watts

Surface loss due to zigzag leakage flux:
B =0.85
Byk = 11.9 x104 Tesla

Cv,1r =0.1175
£ =9.903
Wo.v = 0.026 watts

-connecti

WE,v = 0.0155 watts

Total surface losses:

Wotrayv=WisL+ Wos + Weo + WE,,=6.8+7.43 +

0.026 + 0.0155 = 14.3 watts

-110-



“‘

-t

High Frequency Time Harmonic Losses in Induction Motors

3.64. Mwmmmmmﬁmwﬂ

W, = ‘wc‘)sv + (WGJN + (er)sv + (wﬁ‘}rv +Wis+ WosL+ WSO-V + WE.V
=4583+8.5+0.12+68 +743 + 0.026 + 0.0155
= 68.75 watts.

(Waakv) _ (Wauhw + (Wauky _ =
w, |- W, =79.25% = 79%

(QN‘°)V) = Wieky + Wik _ 1750, = .29,
Wy Wy

=20.8%

Wstray.v _ \VlSL+ WZSL + wsO,v + WE.V
w, |° W,
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3.8. Appendix

where

and

mparison between two- and one-dimensional solutions to the diffusion equation

S. A. Nasar

I'wo-dimensional results given by L, V, Bewley: Two-Dimensional Fields
in Electrical Engineering, Dover 1960

Copper loss in the nth conductor per unit conductor length is

2
W, = %}% {[n2 + (1-1)2X - 2n(n-1)Y)

(3.8.1)
= _sinh2kh + sin2kh
X =kh (cosh 2kh - cos 2kh) (3.8.2)
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cos kh sinh kh + cosh kh sin kh
Y= 2kh( cosh 2kh - cos 2kh (3.8.3)

From (our) one-dimensional analysis:

sinh 2€ + sin 2§ +20(0-1) sinh§ - sin §

W, =L112R't
P72 cosh 2§ - cos 2€ cosh & + cos € (3.8.4)

where &= kh

t

and Ro= E]lE = resistance per unit conductor length.

Now, the last term in (4) may be written as:

sinh § - sin § , cosh E-cos§

2n(n-1)
cosh& +cos& cosh& -cos §

sinh & cosh & - sin € cosh & - sinh § cos € + cos & sin §
cosh? € - cos2 &

=2n(n-1)

%(sinh 2E + sin ZE_,) - cosh & sin & - sinh € cos §
%(cosh 2% - cos 2£)

=2n(n-1)
(3.8.5)

Combining (3.8.4) and (3.8.5) yields:

W, = ;_ 12R'o§{[2n(n-1)+1] sin 2€ + sin 25
l cosh 2§ - cos 2&

cosh & sin & + sinh § cos §\
;— (cosh 2§ - cos 28) l

-2n(n-1)
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sinh 2& + sin 2§
cosh 2§ - cos 2§

= —é- 2R'o{[n2 + (n-1)2)¢

cosh § sin & + sinh & cos
cosh 2& - cos 2§

- 2n(n-1)2§
= 5L {[0? + @12k - 20(0-1)Y)

2che

Comparing (3.8.1) and (3.8.6) indicates that the two results are identical.
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Fig. 3.1b Steps in Transforming a Layer of Round Wires into a Rectangular Layer
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Fig. 3.2. ki€ and Rgc vis § = /3. § =010 6 ~ fy =0 to 84 kliz.
(€ = W/, h = conductor thickness, 8= skin depth.]
(From Ref. 7)
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Fig. 3.3. Variation of effective reactance with slot opening.
(from Ref. 11).

-118-



—_—
f

=

-1

-

High Frequency Time Harmonic Losses in Induction Motors

o7

.8

o - e - -

.9

'.

160

10 100 1000 10000 1, (W) i

Fig. 3.4. Leakage xg pu(fn)/Xg nom,puas function of frequency fy, as measured on
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Abstract

The influence of time harmonic frequency on the losses in
power converter driven induction machines is examined with
special emphasis on switching frequencies in the 15-25 kHz
range. A qualitative theoretical analysis is presented which
indicates that conductor losses fall approximately inversely with
frequency for these high frequencies but that the leakage flux
core losses tend to increase approximately as the square root of
the frequency. There is, therefore, a switching frequency
which yields minimum loss and beyond this point the core
losses cause a slow increase in total losses. Preliminary
experimental results tend to confirm these conclusions but
additional experimental work is needed for validation and to
supply useful quantitative results.

1 Introduction

An important issue in modern power electronic motor drives is
the effect increasing the time harmonic frequency has on time
harmonic motor losses. There are many motor related reasons
concerning control characteristics and motor acoustic noise
which argue for switching frequencies in the range of 10-20
kHz in the power converter. Minimizing the size of reactive
clements in the power converter also implies increased
switching frequencies, possibly well beyond the 20 kHz level
required to eliminate acoustic noise. Opposing these arguments
is the possibility of high motor losses caused by the high time
harmonic frequency impressed on the motor.

The primary goal of this paper is to examine the influence
of time harmonic frequency on these losses. In particular, the
analysis is focused on converters which place a substantial
portion of the harmonic energy at relatively high frequencies; in
the range of 15 - 25 kHz or higher. The conductor IR losses
and the core losses are examined qualitatively and a preliminary
series of tests are carried out to investigate the validity of the
qualitative predictions. The results appear to indicate that in
general the time harmonic losses for a fixed value of time
harmonic voltage will decrease as the frequency increases.
However, at sufficiently high frequencies a minimum loss point
is predicted to be reached and beyond this frequency the losses

increase slowly but steadily (varying approximately as f1/2).
2 Loss Analysis

2.1 Conductor Losses

At harmonic frequencies skin and proximity effects become
significant factors in determining conductor losses. For slot
imbedded conductors, the variation of the conductor resistance
and inductance with frequency follows the general partern

Borislav Jeftenic Douglas Maly
University of Belgrade University of Wisconsin
Belgrade, Yugosiavia Madison, Wisconsin

illustrated in Fig. 1 {1, 2). The initial change in R and L as
frequency increases is rapid, being approximately dependent on
£2 . This region occurs where the skin depth and conductor
size are of the same order of magnitude. As the frequency
continues to increase, the rate of change decreases and the
variation ultimately becomes proportional to f!/2 as the skin
depth becomes small compared to conductor size. While these
results apply in general, the portion of the conductors in the
slots are affected to a much greater degree since the slot
(leakage) fluxes are much larger than the fluxes surrounding
conductors in air, such as the end turn conductors. Proximity
effects are thus much larger for the slot imbedded conductors.

YT dependence
‘/\

r R

. logf —»
Fig.1 Skin Effect R and L Variation for Conductors in Slots

Assuming the harmonic frequency is much larger than the
fundamental frequency, the harmonic slip will be close to unity
and the reactive terms (leakage and magnetizing reactances) wiil
be much larger than the resistive terms in the harmonic
equivalent circuit. The harmonic magnetizing current is
therefore negligible and the harmonic motor current is
determined almost entirely by the applied harmonic voltage and
the harmonic leakage reactance. The conductor losses are then
given to a good approximation by [2]

Vv
2nf,Lg

Pn =~ AR, + R)) -( f(R. +R)

(H

where

fy, = time harmonic frequency

Iy = harmonic current

Vy = hamonic voltage

Lg =total leakage inductance

R, = stator resistance

R; =rotor resistance

It is clear that for a fixed value of I, skin and proximity

effects will increase the conductor losses. However, for a
fixed value of V,, the inverse square frequency dependence of
the current tends to compensate for the resistive increases
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resulting from skin effect. While it is true that the leakage
inductance Lg is reduced by skin effect, this reduction is much
less than might be expected since only the slot portion of the
inductance is significantly affected. The variation of the
leakage inductance (and winding resistances) is strongly
dependent on motor details such as size, pole number, slot
shape, slot depth and the ratio of stack length to diameter.
Measurements on actual machines indicate that Lg is reduced to
0.5 10 0.3 of the rated frequency value at fy = 20 kHz [2]. A
useful first approximation is to take

Lo~ KJV-O.IG Q)

as a generic frequency dependence of Ly [2).

Since the single conductor cage winding typically exhibits
skin effect even at the fundamental frequency, for harmonic
frequencies the variation is well into the frequency range where
R, follows an f,9-5 frequency dependence (the end ring also
exhibits an increasing resistance because of the way the bar
currents enter the ring). The rotor conductor losses thus are

expected (o vary approximately as
. ) ;
vv 0.5 vv
Py~ o | X T3
2nt K f, f,

3)

and thus drop somewhat faster than inverse to the harmonic
frequency. This strong dependence clearly indicates that the
rotor conductor losses drop significantly as the harmonic
frequency increases.

The stator winding behavior is, however, quite different.
Typically the wire size is such that very little skin effect occurs
at fundamental frequency. At harmonic frequencies near the
fundamental, the increase in resistance can be in the f,2 region
with the result that (using the approximation in Eq. 2) the stator
losses initially behave as ‘

Pnv ~ V21,03 4)

and therefore can exhibit a moderate increase as fy increases.
This creates a very different conductor loss distribution
between rotor and stator and can lead to increased stator
winding temperature. The loss distribution within the stator
slot is also non-uniform with the uppermost conductors having
the highest loss {3]. As the harmonic frequency continues to
increase, the rate of risc of the stator resistance decreases and
eventually approaches that of the rotor as expressed in Eq. (3).
It is, therefore, true that for sufficiently high harmonic
frequencies the total stator conductor loss decreases with
spproximately an f,~® dependence where a is approximately
1.2, the same as the rotor loss in Eq. (3). There is, therefore, a
significant reduction in total conductor 12R loss as the
frequency of the time harmonic voltage excitation increases
especially for frequencies where the skin depth is small
compared to the conductor size in both rotor and stator.

2.2 Core Losses

The core losses associated with high frequency time harmonics
are influenced by a number of factors which combine to make
predictions very difficult. These factors include the following
four principal effects:

1) because the motor slip is very nearly unity for the
higher ime harmonics, the only significant flux in the machine
is leakage flux.
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2) for frequencies where the skin depth in the core
material (5¢¢) is small compared to the lamination thickness, the
flux only penetrates the core 10 approximately a skin depth.

3) the redistribution of the conductor currents caused by
skin effect alters the leakage paths.

4) the eddy currents in the core material can set upa
significant reaction ficld which opposes the inducing ficld.

+ vl - + vz -
/Y Y\ Y Y\
+ +
v, v,
V, - applied vohage Vi - stator leakage voltage
Vy —air gap voltage V5 - rotor leakage voltage

w

mmnu\fﬁ‘,mmnu=uoqnu ‘

L
3
]

NN [
NN
=

Rotor Leakage Flux
®)

Stator Leakage Flux < —— ar Mutual Flux = Air Gap Flux
8

_ J

2| e 17

Al 18|\ |E

Rotor Leakage Flux
©

Fig. 2 Equivaleni Clrcuit and Flux Paths for Time Harmonics (slip = 1.0)

The leakage flux distribution associated with the high slip
operating condition common to all high frequency time
harmonics is illustrated in Fig. 2. As indicated by the
cquivalent circuit shown in the figure, the air gap flux and the
rotor leakage flux are very nearly equal under this condition
with the result that there is virtually no rotor core flux (Fig. 2c).
The core losses therefore tend to be concentrated in the stator
tecth and portions of the stator core near the stator slot bottoms,
There is also some loss in the rotor tecth caused by the rotor
leakage flux. Note that the usual concept of rotor leakage flux
encircling the rotor conductor (Fig. 2b) is inappropriate for core
loss considerations since the loss is proportional to B2. The
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usual concept of leakage, which is based on superposition, is
quite acceptable for calculation of leakage inductance but must
be abandoned when core losses are of interest.

The basic variation of the core losses with frequency can be
explored using the usual core loss model described by

Pc = Py + P, = kyB"f + k,B2f2] Vol )

where

P = total core loss

Pp = hysteresis loss

Pe = eddy current loss

B = flux density

f = frequency

Vol = volume of core carrying flux

kn,ke =material dependent constants

n = hysteresis exponent, typically n« 1 to 1.5

Although this model only applies to the simple case where:

i) there is negligible reaction field - i.e. B is the pre-
existing field and does not change as a result of
eddy currents,

ii) the flux is uniform - i.e. no lamination skin effect,

it serves as a useful representation if the primary effects of the
reaction field are included separately {4},

In the time harmonic situation the total leakage flux is
directly determined by the time harmonic applied voltage V,,

Vv
=k, -t
& fv 6)

and, conceptually, the time harmonic flux density is then given
by

o V.
B, =N ok, Yy
YA fuA N

where A; is the effective area of the leakage flux path. While
A is clearly different for different portions of the lenkage path,
it will generally be sufficient for an overall analysis to consider
an average area for the entire path.

Reaction field effects - As noted above, the eddy current
reaction ficld has two basic effects; reducing the internal B field
and redistributing the ficld (skin cffect) {4]. For the leakage
ficlds under consideration, the reduction of the field will not
take place since the total leakage flux is a fixed value
determined by Eq. (6). Thus, any tendency to reduce the flux
will simply result in additional motor current to maintain the
flux at the required level. One effect of the eddy current
reaction field is, therefore, to reduce the leakage inductance [5).
This reduction is in addition to the reduction caused by
conductor skin effect.

The second effect of redistributing the leakage flux will tend
to confine the leakage fields to local regions near the slot and air

" gap surfaces. To a first approximation, the field will only

penetrate the lamination to one skin depth &g,
6“ - p fo Bw - p a
Y L{1FS Y T ofv (8)
where

Pre = resistivity of iron Pcy = resistivity of copper

Hse = permeability of iron Hey = permeability of copper
and to a first approximation the B field can be assumed to be
uniform over this distance and zero beyond. This concept can
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be used to estimate the effective area A; as a function of
frequency.

Frequency dependance of core losses - To examine the
frequency dependence of the time harmonic core loss, three
limiting cases are considered.

Case 1 - 8¢y >> t, t = conductor thickness, 8e >>d, d =
lamination thickness. This case corresponds to low time
harmonic frequencies with, for example, a wound rotor motor.
The core losses would be given by Eq. (5) with B evaluated
from Eq. (7) with A; = constant (i.c. no change in flux paths).
The result is

n_1. 2

where Ky and K are constants.

For a constant time harmonic excitation voltage Vy, the loss
depends on n, the hysteresis loss exponent. Since n is usually
greater than one, the loss will decline with frequency. Usually
the hysteresis loss is small compared to the eddy current loss at
higher frequencies and, hence, 1o a first approximation the total
core losses would be nearly independent of the time harmonic

frequency.

Case 2 - 8y <, 8f¢ >>d. The major influence of conductor
skin effect on core loss is in the rotor of cage machines. As the
rotor current is forced to the top of the rotor bar by conductor
skin effect, the rotor leakage flux is also forced upward toward
the rotor surface (tooth tops). This has the effect of reducing
the area through which the rotor leakage flux must pass, thus
tending to increase B. It also reduces the volume of core
material which is carrying flux, but these two effects do not
completely cancel. :mm effect is the change in ratio between
the stator and rotor leakage inductances and hence in the flux
ratio. As the rotor leakage inductance decreases, more of the
total leakage flux is forced 10 exist in the stntor lenknpe paths,
thus increasing the stator leakage flux.

While the actual change in losses is very much motor
design dependent, it seems clear that forcing more of the total
leakage flux into stator paths will increase the losses because of
the B2 dependence of the eddy current losses. It is also true
that this effect is already significant in most machines under 60
Hz, line start conditions. At the extreme, the rotor leakage flux
will be confined almost entirely to the rotor tooth tops very
much like the so called zig-zag leakage flux. For most
machines, it is likely that even low frequency time harmonics
(i.e. 5th and 7th of fundamental) will result in all rotor flux
confined to such a surface layer with additional increases of
frequency having rather small impacts on the distribution of
flux (as a result of rotor bar skin effect). With the assumption
of fixed flux paths, the eddy current losses are independent of
frequency since the frequency increase is exactly compensated
by the decrease in flux density. The hysteresis losses will
decrease and eventually become negligible.

In general, over the range of frequencies included in cases |
and 2, one would expect a decrease in core loss at fairty low
time harmonic frequencies and a leveling out at high
frequencies. Depending on the relative importance of
hysteresis losses and the flux redistribution discussed above,
the net reduction in total loss at the lower time harmonic
frequencies will vary from machine to machine.

Case 3 - 8, <1, 8re <d. When the time harmonic frequency is
large enough so the skin depth in the iron (81e) is small
compared to the lamination thickness. the leakage flux can be
viewed approximately as confined to a skin depth layer at the
iron surface. The situation is now somewhat as depicted in
Fig. 3. The region of highest core loss is at the bottom of the
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stator slots where the total leakage flux must be accommodated.
The flux level along the stator slot walls drops off as the stator
tooth top is approached and the flux in the air gap and rotor
surface is the rotor leakage flux.
Region Carrying Stator Leakage Flux
Stator Leakage Flux  Plus Rowor Leakage Flux
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Mutual Flux = Air Gap Flux
Rotor Leakage Flux = Air Gap Flux

Fig. 3 Flux Paths for High Frequency Time Harmonic
Showing Effect of Skin Effect in Laminations

The loss for this condition can be approximated by
neglecting the hysteresis loss and assuming the area available
for the leakage flux is limited to one skin depth. The flux

density will then be given by Eq. (7) with Ay =1 8¢
v k,V .
B,=k, —— = — " =Kf AV,

"st[e ! p[gfv
V " (10)

and the core loss becomes (since Vol ~ 8¢¢)

P. = kB {2 Vol
2
- K]V% f{,’ (l‘)

Thus, for a fixed value of ime harmonic excitation voltage, the
eddy current losses tend to increase as £,9-3, a slow but steady
growth. This slow growth can be expected to persist until
some other effect (capacitive currents) becomes significant.

It is also interesting to express the loss in terms of the
physical parameters of the core, the resistivity and permeability.
In terms of the ke and 8¢ the loss is

2
P, = Ko eV
sl Bre (12)
since
ke=Xe
Pre (13)
2. 172 12
A u’l’c
Pe=Ky——5—
pre (14)

Total time harmonic losses - The discussion and analysis
indicates that for a fixed time harmonic excitation voltage the

conductor losses tend to decrease rapidly (as fv"-z) and the
core losses increase slowly (as £,0-5) as the frequency increases
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and becomes large compared to the fundamental frequency.
This implies there is some time harmonic frequency where the
total losses are a minimum as illustrated in Fig. 4. The location
of this minimum is design dependent, the iow frequency ratio
of leakage flux core and copper losses being an important
parameter.

Onset of Stator Conductor
Skin Effect

0 Onset of Rotor Conductor
...... Skin Effect
7 Sutor Conductor Loss

i iy Onset of Lamination
Core Loss Skin Effect
Frequency - Hz
Fig. 4 Variation of Time Harmonic Induction Motor Losses
with Frequency for Constant Time Harmonic Voltage

3 Experimental Verification
3.1 Description of Experiments

Preliminary experimental investigation of the qualitative
theoretical analysis was attempted by means of experiments on
three different induction motors of essentially the same power
rating (approximately 1 hp). For the purposes of these tests the
most important differences between the tested motors are:

- Motor 1 is a cage-rotor machine with cpen rotor slots.

- Motor 2 is a cage-rotor machine with closed rotor slots.

- Motor 3 is a wound-rotor machine with open rotor slots.
Also, motor 1 is a single phase motor and 2 and 3 are three
phase motors. The motor nameplate data are supplied at the
end of the paper.

In the experiments one of the machine phases was supplied
by a high-frequency (60-25,000 Hz) sinusoidal power source.
The other two stator phases (one phase for motor 1) were fed
from a dc power supply and the rotor was blocked. The dc
current value was determined according to nominal saturation
of the machine. Unfortunately, because of practical limitations,
the output voltage of the high-frequency power amplifier was
limited to S volts at the higher frequencies. During the
experiments the voltage was held constant at this value for all
frequencies. This low voltage is a significant limitation on the
applicability of the test results and will be remedied in future
testing.

All measurements of the alternating current supply were by
means of a digital storage oscilloscope. According to well-
established theory for single phase supplied polyphase
induction motors, the phases are uncoupled at locked rotor and
polyphase performance can be inferred from single phase
measurements. This assertion was experimentally verified at
rated frequency. For the one test on the wound rotor motor
with the secondary open, the test is similar to operation at zero
slip and the input power is essentially all core loss. It can be
shown for this situation that the single phase input power is
approximately one-half of the corresponding three phase
power. Tifis was also experimentally venfied at rated
frequency.
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3.2 Leakage Inductance Measurements

The leakage inductance vs frequency characteristics for the
tested motors are presented in Figs. 5,6 and 7. The influence
of the flux level as established by the direct current is small in
the case of first motor with open slots (Fig. 5), and large in the
case of motor 2 with closed slots (Fig. 6). The relative change
of inductance with respect to frequency is also largest in the
case of motor 2 (f"xs 6). This is most likely a consequence of
the closed siots the resulting enhanced skin effect in the
rotor bars. The opposite effect (a small relative change in
inductance) exists in the case of the wound-rotor motor (Fig.
7). as a result of the open slots and the reduced skin effect
influence in the multi-rum, small diameter rotor conductors,
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Fig. 5 Inductance vs frequency for open-siot, cage rotor motar.
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Fig. 7 Inductance vs frequency for wound-rotor motor, rosor shorsed.
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For the three motors the ratio of leakage inductance at 20
kHz compared to nominal frequency ranges from about 0.5
(Fig. 6) to about 0.7 (Fig. 7). This is somewhat less variation
than suggested by Eq. 2 but not unreasonably so considering
that only three small motors were examined and that one was a
wound rotor machine in which the change is expected 10 be
small. The only anomaly in the data is the small increase of
inductance at Kigh frequency in Fig. 7. No satisfactory
explanation of this result has been developed. Except for this
issue the experimental results are as expected based on the
qualitative analysis presented in Section 2.

3.3 Power Loss Measurements

The characteristic power losses vs frequency for the tested
motors are shown in Fig. 8, 9 and 10. In all of these figures
the influence of the flux level as established by the direct
current is relatively small. Unlike the theoretical analysis there
is not any increase of the power losses at high frequency. This
is apparently a consequence of the fact that although in these
tests the measured power represents the sum of conductor and
core losses, the conductor losses are still dominant at the test
frequencies. In Fig. 10 the curve becomes very flat at the high

end but does not show an increase.
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. Fig. 8 Power loes vs frequency for open-siot, cage rotor motor.
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Fig. 11 Power loss vs frequency for wound-rotor motor, open rotor test.

In the case of the wound-rotor motor we could make the
same test but with an open-circuited rotor. The measured
power in this test is the sum of the stator conductor losses and
main flux core losses. The results of this test are presented in
Fig. 11 and the small increase of power losses at high
frequency is easy to note. Although the core losses in this case
are not in any sense the same as under a shorted-rotor
condition, the test does indicate that core losses do increase at
high frequency despite the very much reduced flux associated
with constant voltage operation.

4 Summary and Conclusions

The qualitative analysis of time harmonic losses presented in
this paper indicates that conductor losses tend to decrease
slightly faster than inversely with frequency at fixed voltage for
sufficiently high harmonic frequencies. This is fundamentally a
result of the harmonic currents being reactance limited and the
fact that the harmonic leakage inductance decrease resulting
from skin and proximity effects is relatively small (only the slot
portion being significantly affected).

Conversely, the approximate analysis indicates that
harmonic (leakage flux) core losses at constant voltage tend to
initially decrease and then slowly increase at higher frequencies
as a result of skin effect in the core laminations. A time
harmonic frequency where the total losses reach a minimum is
therefore indicated.

A preliminary series of measurements, although severely
restricted by equipment limitations and range of machine size,
was qualitatively supportive of the theoretical results. The
significance of flux level, slot type and other design details was
clearly demonstrated. The experimental data also indicates that,
for the small motors tested, the minimum loss frequency is
probably si‘;niﬁcantly higher than the 20 kHz maximum
frequency of the tests.

Acknowledgement

Support for this work from the NASA Lewis Research Center,
Cleveland, Ohio and the Wisconsin Electric Machines and
Power Electronics Consortium (WEMPEC) is gratefully
acknowledged.

References

(1} Stoll, R. L., "The_Analysis of Eddy-Currents,” Oxford

University Press, 1974.

{2] de Buck, F. G. G. Gistelinck, P., de Backer, D, "A
simple but reliable loss model for inverter-supplied
induction motors,” IEEE Trans. on Industry
Applications, vol. IA-20, No. 1, Jan./Feb. 1986, pp.
160-202.

{3] de Buck, F. G. G., "Losses and Parasitic torques in
electric motors subjected to PWM-waveforms,” IEEE-
IAS Annual Meeting '77, pp. 922-929.

{4] Stoll, D.F.H., Hammond, P.,"Calculation of the magnetic
field of rotating machines," Proc. 1EE, Vol. 112, No.
11, Nov. 1965, pp. 2083-2094.

{51 Christofides, N., "Origins of load losses in induction
motors with cast aluminium rotors," Proc. IEE. Vol.
112, No. 12, Dec. 1965, pp. 2317-2332.

Appendix-Test Motor Nameplate Data

Motor 1- 1 hp, 1725 rpm, 6.4 A, 230 V, 60 Hz (Single-
phase).

Motor 2 - | hp, 5094 rpm, 2.57 A, 230 V, 86 Hz.

Motor 3 - 1/3 hp, 1725 rpm, 1.4 A, 220 V, 60 Hz (Wound-
rotor).




